_ ON ‘THE BROADENING OF HYDROGEN LINES IN STELLAR SPECTRA. 


A SPRCTROGRAPHIC STUDY OF THE ECLIPSING STAR V 377 CENTAURI 


AN INTERNATIONAL REVIEW OF S 
PHYSICS 


STRULAR Ar ace 2. 


i ‘TRANSFER PROBLEMS IN AN ATMOSPHERE WITH CONTINUOUS SCATTERING 
“AND CONTINUOUS ABSORPTION. 


Kregdail 
ANHARMONIC PULSATIONS OF TWO PARTICULAR MODELS .. . Chandtike: Prasad 


: POSITION AND DEVELOPMENT OF THE SOLAR FLARES OF MAY 8, AND is 1949 


RAPHY OF STARS OF CLASSES B AND A WHOSE SPECTRA HAVE BRIGHT 
HYDROGEN LINES Peul W. Merrill and Core G. Burwell 


| "MEASUREMENTS IN THE SPECTRUM OF THE SHELL STAR HD 210383 


--BRIGHT-LINE STARS AMONG THE TAURUS DARK CLOUDS Foy 
THE LIGHT-CURVE OF AO CASSIOPEIAE.. 
THE SPECTROSCOPIC BINARY AO CASSIOPEIAE . . Otto Strave and G. Horak 
GURVES OF GROWTH AND LINE CONTOURS . . Albrecht Unsild and Otis Struve 


ECLIPSING VARIABLERX HERCULIS : . . . . Frank Weed 
‘THR SPECTRUM OF NOVA DQ HERCULIS (1934, IN 1947 AND 1949 
STELLAR SPECTRA AND COLORS IN A CLEAR REGION IN CYGNUS 
J. Jo Nassen and Donald A, Mat Ree 
ON THE AXIAL ROTATION OF THE BRIGHTER O AND B STARS ane 


THE UNIVERSITY OF CHICAGO PRESS 
CHICAGO, ILLINOIS, USA. 


Peal: W. Merritt 


ww 


340 
355. ‘ | 
i 
2 


Vol. 110, No.3 


November 1949 


THE ASTROPHYSICAL JOURNAL 


AN INTERNATIONAL REVIEW OF SPECTROSCOPY 
AND ASTRONOMICAL PHYSICS 


Edited by 


S. CHANDRASEKHAR 
Yerkes Observatory of the University of Chicego 


PAUL W. MERRILL HARLOW SHAPLEY 
Mount Wilson Observatory of the Harvard College Observatory 
Carnegie Institution of Washington Cambridge, Massachusetts 
N. U. MAYALL 
Lick Observatory 
University of California 
‘With the Collaboration of the American Astronomical Society 
Collaborating Editors: 
1947-49 1948-50 + 1949-51 
LYMAN SPITZER, JR. CECILIA H. PAYNE-GAPOSCHKIN W. BAADE 
Princeton University Observatory Harvard College Observatory : Mount Wilson Observatory — 
A. N. VYSSOTSKY H. N. RUSSELL LEO GOLDBERG 
Leander McCormick Observatory Princeton University Sr reg of the University of 
ALBERT E. WHITFORD G. HERZBERG 
Dominion Astrophysical Observa- 
Washburn Observatory tory, Victoria National Research Council, Ottawa 


The Astrophysical Jcurnal is published bimonthly by the University of Chicago at the Univ. of 
Chicago 5750 El Ellis "Avenue, Chicago, Hlinois, tember, 
and May. {The su’ will be eh price is $12.00 a year; the price 


remittances The 
or express money orders or bank drafts. 
rth and Australasia: The Cambridge Universi 
For the British except (North America Aus Ui Press, 
Bentley House, 200 Euston Road, London, N.W. anti 
copies may be had on application. 
Claims for missing numbers should be made within the month following the regular month of publication. 
hen the reserve stock will permit. q 
Business correspondence should be addressed to The University of Chicago Press, Chicago 37, Illinois. q 
Communications for the editors and manuscripts should be addressed to: W. W. Morgan, Editor of i 


Tue ASTROPHYSICAL JOURNAL, Yerkes Observatory, Williams Bay, Wisconsin. 
Line drawings and photographs should be made by the author, and all marginal notes such as co-ordinates, 
wave lengths, etc., should be included in the cuts. It will not be possible to set up such material in type. . 

servatory, Williams Bay, Wisconsin. Authors should take notice that the manuscript will not be sent to 

them with the proof. 7 
The cable address is ‘‘Observatory, Williamsbay, Wisconsin.” be 
The articles in this journal are indexed in the International Index to oar hag York, we 
Applications for permission to quote from this journal should be addressed to University of Chicago 

Press, and will be freely granted. 


| 


W. W. MOR 
Managing Ed he 
: 
a 
ie Nicaragua, Panama, y, Peru, Rio de Oro. lor, Spain (including Balearic Islands, Canary q 
4 . Islands, and the Spanish Offices in Northern Africa; Andorra), Spanish Guinea, Uruguay, and Venezuela. 
g Postage is charged extra as follows: for Canada and Newfoundland, 42 cents on annual subscriptions (total 3 
q 12.42); on single copies, 7 cents (total $3.07); for all other countries in the Postal Union, 96 centsonannual —_. -_ 


THE 
ASTROPHYSICAL JOURNAL 


An International Review of Spectroscopy and 
Astronomical Physics 


Founpep tn 1895 By Georce E. Hate AND James E. KEELER 


EDITORS 
W. W. Morcan S. CHANDRASEKHAR 
Managing Editor 
Yerkes Observatory of the University of Chicago 


Paut W. MERRILL Hartow SHAPLEY 


Mount Wilson Observatory of the Harvard College Observatory 
Carnegie Institution of Washington Cambridge, Massachusetts 
N. U. 
Lick Observatory 
University of California 


With the Collaboration of the American Astronomical Society 


COLLABORATING EDITORS 


H. Harvard College Observatory; H. N. Princeton University; 
Anprew McKE tar, Dominion Astrophysical Observatory, Victoria; W. BAave, Mount Wil- 
son Observatory; Leo GoLpBErG, Observatory of the University of Michigan; G. HEerz- 

BERG, National Research Council, Ottawa; Lyman Spitzer, Je., Princeton 
University Observatory; A. N. Vyssotsky, Leander McCormick Observ- 
atory; ALBERT E. Wuitrorp, Washburn Observatory 


VOLUME 110 


JULY-NOVEMBER, 1949 


THE UNIVERSITY OF CHICAGO PRESS 
CHICAGO, ILLINOIS 


CAMBRIDGE UNIVERSITY PRESS, Lonpon 


2 
Ns, 
te 
| 
| 
y 


PUBLISHED JULY, SEPTEMBER, NOVEMBER, 1949 


COMPOSED AND PRINTED BY THE UNIVERSITY OF CHICAGO PRESS 
CHICAGO, ILLINOIS, U.S.A. 


j 
| 
} 
ore 


CONTENTS 
NUMBER 1 
TRANSFER OF RADIATION. Donald H. Menzel and Hari K. Sen 
SUPERTHERMIC PHENOMENA IN STELLAR ATMOSPHERES. V. ON EMISSION LINES AT HIGH 
KINETIC TEMPERATURE. Richard N. Thomas 
SELF-CONSISTENT FIELD WITH EXCHANGE FOR Ca xu. W. H. Davis 
THe Mitky WAY AT THE JUNCTION OF GEMINI, MONOCEROS, AND ORION. Bart 1 Bok, 
Margaret Olmsted, and Betty D. Boutelle 
A STUDY OF THE GALACTIC STRUCTURE IN A CLEAR REGION IN Cyonus. J. J. Nassau and 
Donald A. MacRae 
THE SPECTRUM OF HD 187399. Paul W. Merrill 
SPECTROSCOPIC OBSERVATIONS OF TW Draconis. Burke Smith . 
ANOMALOUS SPECTRA OF STARS OF CLAss A. Miriam E. Walther 
THE FOx-HERZBERG SYSTEM OF THE C; MOLECULE. John G. Phillips 
THE PROBABLE BEHAVIOR OF THE NEXT SuNSPot CycLe. W. Gleissberg 
NOTES 
THE DIAMETER OF NEPTUNE. Gerard P. Kuiper : 
NOTE ON THE PHYSICAL SIGNIFICANCE OF STEWART’S SUNSPOT FoRMULA. W. Gleissberg 
AN ULTRAVIOLET LIGHT-CURVE OF V 444 Cyont. W. A. Hiltner 
REVIEWS 
ERRATA 
NUMBER 2 
SPECTRA OF THE BRIGHTER VARIABLES IN GLOBULAR CLusTERs. Alfred H. Joy 
INTERSTELLAR CALCIUM LINES IN THE SPECTRA OF STARS IN OPEN CLUSTERS. Roscoe F. 
MAGNETIC INTENSIFICATION OF STELLAR ABSORPTION LINES. Horace W. ero 
THE SPECTRUM OF R CoRONAE BOREALIS AT THE 1948-1949 Minimum. George H. Herbig 
SPECTROSCOPIC OBSERVATIONS OF THE SHORT-PERIOD VARIABLE AI VELorvUM. George H. 
Herbig 
THE SPECTROSCOPIC BINARY VV ORIONIS (HD 36695). O. Struve and W. ny. Luyten 
A PHOTOMETRIC STUDY OF THE SPECTRUM OF PLEIONE. Anne B. Underhill . 
LuMINOsITY DISTRIBUTION AND PROPER MOTIONS OF TENTH-MAGNITUDE K Stars. F. K. 
Edmondson, A. N. Vyssotsky, and Edith M. Janssen . Fale: 
Cotor Excess, ToraAL PHOTOGRAPHIC ABSORPTION, AND THE DISTANCE OF THE DARK 
CLOUD IN THE AQUILA REGION OF THE MILKY Way. Harold F. Weaver 


THE Ursa Major Group. Nancy Grace Roman 
THE FREQUENCY AND PostTIONS OF FLARBS WITHIN THREE ACTIVE SuUNSPOT AREAS. 
Helen W. Dodson and E. Ruth Hedeman 


12 i 
17 
21 
40 
f 59 ; 
63 
| 67 
73 
90 
94 
95 a 
99 
104 
105 
117 
126 
143 
156 
160 
166 
182 
190 
242 
iti 


iv CONTENTS 

THE DyNAMICs OF STAR STREAMING. P. Stehle 

REGIONS WITH VARYING MEAN MOLECULAR WEIGHT (WHITE DWarFs WITH COMPLEX 
STRUCTURES). Evry Schatzman 

THE RADIATIVE EQUILIBRIUM OF A EBULA. ‘Hari K. Sen . 

THE TRANSFER OF RADIATION IN A SPHERICAL ATMOSPHERE OF ELECTRONS. Marshal H. 
Wrubel : 

STRUCTURE OF THE CAMERON BANDS OF K. 

NOTES 
A NOTE ON THE SPECTROGRAPHIC OrBIts OF HD 193576. E. S. Keeping 
THE RapIAL VELOcITY OF ALPHA VIRGINIS. Shu-Koo Kao and O. Struve 
Sopium D IN THE SPECTRUM OF METEORS. F. E. Roach 

REVIEWS 


NUMBER 3 
STELLAR RotatION AND AGE. D. ter Haar . 
TURBULENCE—A PHYSICAL THEORY OF ASTROPHYSICAL INTEREST. S. Chielbiaiiditaa 
TRANSFER PROBLEMS IN AN ATMOSPHERE WITH CONTINUOUS SCATTERING AND ConrTINU- 
ous ABsorpTIon. Anne B. Underhill . 
ON THE BROADENING OF HYDROGEN LINES IN STELLAR SPECTRA. I. 
dahl 
ANHARMONIC PULSATIONS OF Two PARTICULAR Chandrika 
POSITION AND DEVELOPMENT OF THE SOLAR FLARES OF May 8 AND 10, 1949. Helen W. 
Dodson 


SECOND SUPPLEMENT TO THE Mount WILSON CATALOGUE AND BIBLIOGRAPHY OF STARS 
oF Classes B AND A WHOSE SPECTRA HAVE BriGHt HypRroGEN LINEs. Paul W. 
Merrill and Cora G. Burwell . 

MEASUREMENTS IN THE SPECTRUM OF THE SHELL STAR HD 218393, Paul W. Me rrill 

BrIGHT-LINE STARS AMONG THE TAURUS DARK CLoups. Alfred H. Joy 

THE SPECTRUM OF RW Tauri. W. A. Hiltner and R. H. Hardie 


THE LicHt-CurVE OF AO CassIopEIAkE. W. A. Hiltner 

THE SPECTROSCOPIC BINARY AO CAsSIOPEIAE. Otto Struve and meas G. Horak . 

CURVES OF GROWTH AND LINE Contours. Albrecht Unséld and Otto Struve . 

A SPECTROGRAPHIC STUDY OF THE ECLIPSING STAR V 377 CENTAURI. Jorge Sahade 

THE Ec.ipsinG VARIABLE RX Hercutis. Frank Bradshaw Wood . 

THE SpecrRUM OF Nova DQ Hercu ts (1934) 1n 1947 anp 1949. P. Swings 

STELLAR SPECTRA AND COLORS IN A CLEAR REGION IN CYGNUs. J. yD Nassau me Donald N 

ON THE AXIAL ROTATION OF THE BRIGHTER O AND BS STARS. poe Slettebak 

REVIEWS 

ERRATA 

INDEX 


250 
261 
276 
288 
304 
312 
| 312 
| 314 
| | 315 
321 
| | 329 
340 
| 355 
| 375 
| | 382 
387 
420 
424 
| 438 
443 
| 447 
| 455 
463 
465 : 
475 
498 
515 
517 
519 


THE ASTROPHYSICAL JOURNAL 


AN INTERNATIONAL REVIEW OF SPECTROSCOPY AND 
ASTRONOMICAL PHYSICS 


VOLUME 110 NOVEMBER 1949 NUMBER 3 


STELLAR ROTATION AND AGE 


D. TER HAar* 
Purdue University, Lafayette, Indiana 
Received August 29, 1949 


ABSTRACT 


Various mechanisms for reducing the rotation of an originally fast-rotating star are considered. It is 
found that the only one which will probably influence the stellar rotation appreciably is the interaction 
between the magnetic field, owing to the dipole moment of the star, and the Strémgren # 0 regions pro- 
duced in interstellar gas clouds by stellar radiation. This mechanism has previously been considered by 
Alfvén. In the model investigated, the ratio of the loss of angular momentum per unit time to the total 
angular momentum is proportional to the square root of the radius of the H 11 region (eq. [33]). The total 


loss of angular momentum is then given by the loss per unit time multiplied by the age of the star con- 
sidered, or the age of the universe, whichever of these two is smaller. It then turns out that the young 
stars, like those of types O and B, will not have lost nearly so large a fraction of their angular momentum 
as will the Jate-type stars. 


1. It has been known for some time that there exists a strong correlation between the 
spectral type and the rotational velocities of stars.' Translating spectral type into age, 
i.e., relating high luminosity to relatively young age, it can be stated that young stars, 
i.e., stars which cannot have lived so long as the universe itself, possess, on the average, 
very large angular velocities, while old stars rotate, on the average, slowly. More spe- 
cifically, in the main sequence, O and B stars generally rotate fast, while stars later than 
F5 show little rotation. It is the aim of the present paper to suggest a mechanism by 
which stars might lose most of their angular momentum during a period of about 4 X 10° 
years (the value used in the present paper as the age of the universe). 

2. Von Weizsicker, in his recent cosmogony,? pictures stars as being formed in turbu- 
lence elements in a large turbulent gaseous system. Such a condensation from a turbu- 
lence element would necessarily lead to an originally fast-rotating star, probably sur- 
rounded by a rotating envelope. It is difficult to make an estimate of the angular momen- 
tum of stars at that moment in their history, but it seems reasonable to assume that the 
equatorial rotational velocities were originally of the order of magnitude of at least 100 
km/sec. Von Weizsicker points out that the interaction of a gaseous envelope on the 


* This paper was written while the author was temporarily at Yerkes Observatory. 
1 See, e.g., O. Struve, Pop. Astr., 53, 201, 259, 1945, where an extensive account of this subject can be 
found. 
2Zs.f. Ap., 24, 181, 1947. 
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central mass will be such that the central mass will lose angular momentum because of 
the drag of the envelope. The turbulence in the envelope will, at the same time, cause the 
envelope to dissipate into interstellar space, and it might be hoped that the dissipation is 
sufficiently slow to allow for a large loss of angular momentum during the time that the 
envelope is present. In a previous paper,* this process was discussed under the assump- 
tion that the velocities in the envelope were approximately those following from Kep- 
ler’s third law. The total energy content of the envelope is given by 


Lal 


(1) 


where ¥ is the gravitational constant, Mo the mass of the central mass, M the mass of 
the envelope, and r; a length of about 100 to 10,000 times the stellar radius ro. In A, lami- 
nar motion was assumed, and the dissipation in the envelope, which has the form of a 


disk, will then be given by 


where s is the distance from the axis of rotation, w the angular velocity, the coefficient 
of viscosity, and the integration is extended over the whole disk. Assuming 


Ce)", 1/2 
o= 


we get, for the total dissipation per unit time, 


= fnyMo log (=) (4) 


where f denotes here (and elsewhere) a numerical factor of an order of magnitude 1, 
and So is the radius of the disk. From equations (1) and (4) it follows that the disk will be 
dissipated in a period 7, given by 


During that period there will be a transport of angular momentum from the inside 
to the outside. If we assume that inside the envelope the Keplerian velocities are main- 
tained during the entire dissipation process and if we assume that all angular momentum 
transported from the inner to the outer regions is lost by the central body, we can esti- 
mate the total loss of angular momentum (cf. A, pp. 40, 41). The total rate of loss of angu- 
lar momentum is given by 


where 9 is the angular momentum. The loss given by equation (6) is certainly an upper 
limit, since, as soon as the central body starts to rotate more slowly than corresponding 
to equation (3), the velocity distribution in the disk will change, and the transport of 
angular momentum will decrease. As a lower limit for the original angular momentum 
0» of the central body, we shall assume an original angular velocity, wo, to be given by 
equation (3) with s = ro. Because of the conservation of angular momentum, one would 


3D. ter Haar, D. Kgl. Danske Vid. Selsk., Mat.-fys. Medd., Vol. 25, No. 3, 1948 (quoted as “A”; we 
use as far as possible the same notation as in “A’’). 


dt 
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expect a larger angular momentum, due to the condensation of the outer parts of the 
turbulence element: matter with angular velocity wo at a distance ro from the center has 
less angular momentum per unit mass than any volume element in the disk. We can now 
compare the total angular momentum decrease during the period 7, with Qo, which is 
given by 


Oo = fMo = [Mo(yroMy) (7) 


where the factor f still depends on the distribution of angular velocity within the star. 
For a rigid-body rotation, f will be equal to 2. 

From equations (5), (6), and (7) we now have, for. the ratio between the total loss of 
angular momentum during the lifetime of the envelope and the original angular momen- 


tum, 
do 
‘dt = M To 
- 


All factors at the right-hand side of equation (8) are smaller than 1, and, even in the 
case of this overestimate of the viscous drag, we can only get an effect which can de- 
celerate the rotation by a fraction of, at most, 10~*. 

3. It might be argued that the transfer of angular momentum just computed has been 
underestimated, because in equation (6) we have used the coefficient of viscosity of the 
gas instead of using the turbulence coefficient of viscosity. This, of course, tends to in- 
crease the transport of angular momentum considerably. But then we also have to 
take into account the greatly increased rate of dissipation. Heisenberg* has recently 
given an expression for the energy loss in a turbulent system, and, using his formula (his 
eq. [44]), we have, for the energy loss per unit time, 


dks 


di = ffpv (9) 


where 2, is the turbulent velocity and X is the wave length of the largest eddy in the sys- 
tem. In our envelope, where the mean velocities are given by equation (3), Chandra- 
sekhar® has shown that one has 


h=fs, (10) 
v,= fsw. (11) 


Using equations (10) and (11), we get from equation (9) 


dE. 

The loss of angular momentum is again given by equation (6), where 7 is now the tur- 
bulence coefficient of viscosity, given by 


n= fpvr= fps*w; (13) 


and equation (6) gives 


7 fpriyMo. 


\ 


‘Zs. f. Phys., 124, 628, 1948. 
5 See the appendix to D. ter Haar, Ap. J., in press. 
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Combining equations (1), (7), (12), and (14), we now get, for the fractional loss of 
angular momentum during the existence of the envelope (where again the result will be 
an overestimate of the possible effect), 


do 
Ao Mo So 
Comparing equations (8) and (15), we see that 


[2 
Ki 


the effect in the case of turbulent interaction is even smaller than in the case of laminar 
interaction by several orders of magnitude. 

4. In his paper on the origin of the solar system,® von Weizsiicker suggested accretion 
of matter with zero angular momentum as a possible cause for producing a slow rotation. 
It can immediately be seen that this mechanism cannot be effective unless the accretion 
is so large as to alter the properties of the star completely. If a star had originally a mass 
Mo, radius ro, and equatorial angular velocity wo, its angular momentum is given by (cf. 
eq. [7]) 

0 = fMoriwn (7) 


If a mass M’ is captured by accretion, the resultant change in angular velocity will be 
p gu y 


(18) 


given by 


and from this relation it follows immediately that M’ has to be at least of the order of 
magnitude of M, to cause any appreciable change in w. Also it would be difficult to un- 
derstand why just the more massive main-sequence stars show fast rotation and the less 
massive ones a slow rotation. 

5. Since it seems not very possible to find a ‘‘drag’”’ mechanism which could produce a 
slowing-down of stellar rotation, it may be worth while to consider a mechanism de- 
scribed and discussed by Alfvén’ in connection with the solar rotation. Consider a rotat- 
ing body, possessing a magnetic moment 9, and an ion cloud in its neighborhood not tak- 
ing part in the rotation. In the rotating frame of reference in which the body is at rest, the 
cloud will be rotating in a magnetic field. Owing to this magnetic field, currents will be 
set up in the cloud, trying to slow down the movement of the cloud. The result in the ro- 
tating frame of reference will be that the cloud will start to rotate more slowly, and (be- 
cause of the conservation of angular momentum) the body will start to rotate. In the 
original frame of reference, in which the cloud originally was at rest, the result will be 
that the cloud will start to take part in the rotation of the body while the latter will slow 
down its rotation. Alfvén has discussed this process in electromagnetic language, and we 
shall try here to give a more direct picture. We shall later return to Alfvén’s approach. 
The reason for our approach is that the densities considered are extremely low. The mean 
free path is of the order of 10! cm, and it seems to be dangerous to speak of currents in- 
stead of individual orbits. 

Let us now consider what quantities will enter into the deceleration mechanism. As 
soon as a star enters a gas cloud, a sphere around the star will become ionized. The radius 


® 


6 Zs. f. Ap., 22, 319, 1944. ' 
7 Ark. f. Mat., Astr. och Fysik, Vol, 28A, No. 6, 1942. 
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of this sphere will be given by the Strémgren radius of the H 11 region, Sy. The ions and 
electrons in this sphere will then produce the currents which will slow down the rotation 
of the star. In order to estimate the total transfer of angular momentum, let us assume 
that all particles are moving with a velocity v and that their mass is m. The acceleration 
a of these particles in the magnetic field § will then be given by the Lorentz force: 


e 
=f 8. (19) 


This acceleration will exist only as long as the particle is charged, i.e., as long as the 
particle is inside the / 1 region. The total change in velocity will therefore be given by 


So 
Av=adi= f—v H 20) 
f mc v 


Since the particle is always at distances from the star of the order of magnitude So, the 
dipole field strength is given by 


(21) 
It can easily be shown that Az, as given by equation (20), is small as compared to 2, which 
will be of the order of magnitude of 10° cm per second (the peculiar velocities are involved 
here). The change of angular momentum per particle due to this process is given by 


AO, = fmS = (22) 


If a cloud with diameter D passes the star, the total number of charged particles involved 
will be given by V = fS;Dn, where n is the number of atoms per cubic centimeter in the 
cloud. We therefore get a change in angular momentum per cloud of 


AQ. = NAO, = fnD MSy. (23) 


If VV; is the number of clouds per centimeter path length, 7 the peculiar velocity of the 
star in the galaxy, and r the total lifetime of the star, we finally get, for the total loss of 
angular momentum during the star’s lifetime, 


60 = = fnD MSoNirrr. (24) 


For different stars, we may assume n, D, e/c, Nj, and 2; to be the same. Furthermore, we 
shall assume with Blackett* that IN is proportional to 9, or, alternatively, that the time 
average of 9) is proportional to 0, a less stringent assumption. 
Inserting numerical values, » = 10 cm~*, D = 107° cm, 7; = 10® cm/sec, N; = 3 X 
10-*! (10 per kpc), we get 
Using for the sun 2% = 4 X 10%* gauss cm*, 8 = 10 gm cm?/sec™! (3 Mo ro? w, with 
My = 2 X 10% gm, ro = 7 X 10cm, w = 3 XK 10-* sec), So = 10% cm,® r = 10" sec 
(= 4 X 10° yr), we have 
k~ 104. (26) 
8 Nature, 159, 658, 1947. 
® From Strémgren’s formula (4p. J., 89, 526, 1939), using T = 6000°, n = 10 cm=. 
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We see that the mechanism considered here is certainly sufficiently efficient to merit 
closer investigation. There are strong reasons to believe that equation (25) presents only 
an upper limit of the effect produced. Since the interstellar gas clouds consist mainly of 
hydrogen, we have, in the H 11 regions, protons and electrons. The magnetic field will 
pull these two kinds of particles in opposite directions (thus giving rise to two currents, 
which add, since the charges are of opposite sign; that is, both currents will tend to re- 
duce the stellar rotation). As soon as the separation of positive and negative charges be- 
comes appreciable, electric fields will be set up, and the tendency of these electric fields 
will be to cancel the effect of the stellar magnetic field. This means that the stellar mag- 
netic field will be effective only in a region much smaller than the H u region—say, a 
sphere with a radius S;. Let us try to estimate this radius S$, by assuming that it will be 
so large that the electric field produced by the separation of charges in this region with 
radius S; will be equal to the stellar magnetic field strength . The total relative dis- 
placement of one kind of charge with respect to the other kind will be given by 


v 
and the total amount of excess charge produced will be of the order of magnitude of 


n eAlS; = f (28) 


This charge will be distributed over the whole H 11 region, and the resultant electric 
field strength will be given by 


é. si 


29) 
= fn- - SE ( 
Determining 5; from the condition € = §, we have 
/ 
or 
= f 103 S17. (31) 
For the case of the sun, substituting S; for So in equation (25), we have 
k~O0.1. (32) 
Using 0/0 = 4 X 10- cgs and equation (31), we finally get for « the formula 
c= f10-% (33) 


where 7 is expressed in years and Sp in centimeters. 

Before comparing numerical values for different stars, we wish to discuss the formula 
given by Alfvén.’ His formula (3.3) written in our notation becomes, after inserting nu- 
merical values and taking into account the fact that the star is surrounded by interstellar 
gas clouds only part of the time, 


2y-1 
k= f10?r'7, aut 


where 7 is again expressed in years and ro in centimeters. 
'° We have assumed here that the current density is practically independent of the star considered, 


which seems reasonable. Actually, the variation of the current density is probably such that it increases 
the difference between early-type ‘and late- -type stars. 


| 
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The « given by equation (34) is of the same order of magnitude as the x given by 
equation (33), though perhaps slightly larger. Since it seems difficult to give a reliable 
judgment of either (a) the processes discussed here and leading to equation (33) or (6) 
the processes discussed by Alfvén and leading to equation (34), we do not wish to express 
a preference but shall consider both. We can then compare the results derived from equa- 
tions (33) and (34) for different stars, assuming that for the sun rt = 4 X 10° years, 
x = 1. For any other star, it then follows that 


2 


sun’ 


(35) 


F 


= (36) 
( Sun 


Ke 


TABLE 1 
Class | 1S0/(So' ro/Funf | (Years)t 
07 107 0.2 0.0001 
BO 2000 | 0.6 0.001 
BS 200 3 4105 1.4 0.03 
AO 30 2.1 2-109 2.5 0.2 
AS 4 1.7 4-109 2.0 0.5 
FO 3 14 | 410 | 14.7 0.7 
F5 2 | 0.9 
GO 1 1 | 4-10 | 1 1 
GS 0.5 | 1 4:10 | O7 | 1 
KO 04 1 4:1 | 06 | 1 


| | 
| 


| 


* From Strémgren, Ap. J., 89, 526, 1939. 
t From Russell, Dugan, and Stewart, Astronomy, 2 (Boston: Ginn & Co., 1938), 740. 
t From A. Unséld, Zs. f. Ap., 24, 278, 1948. 


In Table 1 we have collected the values following from equations (35) and (36), and 
these values are plotted in Figure 1. 

From Table 1 and Figure 1 it is seen that the young O and B stars have lived too short | 
a life to have lost most of their angular momentum. With Alfvén’s formula (34), we get 
a smooth transition from low to high angular momentum when going from old to young 
stars. The results of formula (33) are not so smooth; the transition takes place somewhere 
in the neighborhood of BS. 

Before any definite conclusions can be reached, it is necessary to have better data 
about the magnetic moments of the stars, since Blackett’s relation, 


M~o, 


played an important role in our discussions. 

Summarizing, we find that the interaction of the magnetic dipole fields of the stars 
with /7 11 regions will tend to slow down stellar rotation. The rate at which this slowing- 
down takes place is such that the total angular momentum may have been lost during a 
period of the order of magnitude of a few times 10° years. Because of the youth of O and 
B stars, they will probably not have lost an appreciable fraction of their initial angular 
momentum during their lifetime. Whether this mechanism is really adequate to explain 
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the observed distribution of angular momentum among the different spectral classes 
cannot be decided until more is known about the magnetic dipole fields of the stars, and 
—if possible—a more rigorous discussion of the processes involved is given. Other mecha- 
nisms for reducing stellar rotation seem to be less efficient. 


I should like to express my sincere thanks to Professor S. Chandrasekhar for discus- 
sions on the subject matter of this paper. 
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May I say at the outset that I have found myself deeply inadequate for the task of 
giving this third Henry Norris Russell Lecture. I am afraid that I have not discovered 7 
or paved a Royal Road that I can describe to you in the manner of Dr. Russell; neither 
have I the excellence of the material which Dr. Adams presented in his second Henry 
Norris Russell Lecture. And I am aware that no general interest attaches to matters in 
which I may claim some degree of competence. I have therefore chosen, after consider- 
able hesitation, to describe to you the recent advances in our understanding of the phe- 
nomenon of turbulence, in the belief that these advances are relevant to the progress of 
astrophysics. Perhaps it is premature to take an occasion like this to describe a physical 
theory which has yet to establish its relations to astronomical developments. But the 
history of astronomy and astrophysics shows that major advances in our understanding 
of astrophysical phenomena have coincided with and depended upon advances in funda- 
mental physical theory. While many examples illustrating this can be given, there is 
none more conspicuous or notable in recent history than that provided by the work of 
Henry Norris Russell; thus, during the great period in which the foundations both of 
atomic spectra and of stellar spectroscopy were laid, Russell was a great exponent of 
both subjects. As is well known, the main features of the theory of complex spectra 
emerged for the first time from the pioneering investigations of Drs. Russell and Saun- 
ders on the alkaline earths. The main conclusion of these investigations, stated by the 
authors in the words ‘both valency electrons may jump at once from outer to inner or- 
bits, while the net energy lost is radiated as a single quantum,” has since been incorpo- 
rated into the analysis of stellar spectra as the ‘‘Russell-Saunders” coupling and is one of 
the keystones of atomic theory. In these early papers of Dr. Russell all the steps prelimi- 
nary to the formulation of the exclusion principle were taken, and I do not believe that 
it is a misstatement of history to say that the honor of the discovery of the exclusion 
principle would have gone to Russell had his concern with the applications of the prin- 
ciples of atomic spectra to astrophyiscal problems been a little less. However that may 
be, as astronomers we may count ourselves fortunate that Russell’s concern with astro- 1 
physical problems was as earnest then as it has always been, for otherwise, we should 
not have had so immediate or so complete an integration of physical and astrophysical 
theories as was, in fact, achieved when Russell’s great work on the quantitative analysis 
of the solar spectrum and the first determination of the composition of the sun appeared 
in 1929. I have referred to this example of Russell’s work to emphasize the interdepend- 
ence of physical and astrophysical thought. And, as I have stated, it seems to me prob- 
able that the recent advances in the physics of turbulence, due in large measure to 
G. I. Taylor, von Karman, Kolmogoroff, and Heisenberg, may play an important part 
in the future developments of astrophysics. But, before I describe the nature of these 
advances in physical theory, I may perhaps indicate briefly the astrophysical contexts in 
which they may find their most fruitful applications. 

The first person clearly to draw attention to the importance for astrophysics of tur- 


* Third Henry Norris Russell Lecture of the American Astronomical Society delivered at Ottawa, 
Canada, on June 21, 1949. 
329 


: 
= 
| 
a> 
a 


330 S. CHANDRASEKHAR 
bulence with its correct hydrodynamical meaning was Rosseland. In a paper published in 
1928, Rosseland! pointed out that if differential motions—i.e., motions of one part rela- 
tive to another—occur in cosmical gas masses, then the motions should be turbulent in 
the sense that we should not expect to describe them in terms of the classical equations 
of motion of Stokes and Navier. In drawing this inference, Rosseland was guided by the 
experience in meteorology and oceanography and by the following reasoning. 

We are all familiar with the fact that a linear flow of water in a tube can be obtained 
only for velocities below a certain critical limit and that, when the velocity exceeds this 
limit, laminar flow ceases and a complex, irregular, and fluctuating motion sets in. More 
generally than in this context of flow through a tube, it is known that motions governed 
by the equations of Stokes and Navier change into turbulent motion when a certz in 
nondimensional constant called the “‘Reynolds number” exceeds a certain value of the 
order of 1000. This Reynolds number depends upon the linear dimension, L, of the sys- 
tem, the coefficient of viscosity u, the density p, and the velocity v7 in the following man- 


Ra (1) 


ner: 


Since R depends directly on the linear dimension of the system, Rosseland argued that 
motions in the oceans, in terrestrial and planetary atmospheres, and still more in stellar 
atmospheres, once they occur, must become turbulent in this sense. Rosseland further 
pointed out that, if turbulence develops, the coefficients of viscosity and heat conduction 
may be expected to increase a million fold. And the importance of this enhanced effi- 
ciency of heat and momentum transport in a turbulent medium cannot be exaggerated. 

Stimulated by Rosseland’s ideas, McCrea’ suggested in the same year that the solar 
chromosphere must be in a state of turbulence and that this turbulence may, in part, 
contribute to its support against gravity. 

About a year later Harold Jeffreys* drew attention to a fact which had been ignored 
until then, namely, that if the generation of energy inside stars is confined to a small re- 
gion at the center, then the radiation will not be able to dispose of it at a gradient under 
the adiabatic and that, if a superadiabatic gradient comes into being, vertical currents 
will be generated which will effectively restore the adiabatic gradient, leaving, however, a 
slight superadiabatic gradient to make possible the transport of heat. The condition for 
the occurrence of such convective transport of heat can be written down, and it follows 
from this condition that even a relatively mild concentration of the energy sources to- 
ward the center will lead to its occurrence near the center. Indeed, with the clarification 
of the source of stellar energy as due to nuclear transformations, it is now generally recog- 
nized that all stars must have convective cores in which turbulence prevails. And, as wes 
shown, particularly by Cowling,‘ the existence of turbulence is of primary importance in 
all considerations relating to the stability of stars. 

Returning to the role of turbulence in the atmospheres of the stars, we next observe 
that the investigations of Struve and Elvey° established the occurrence of large-scz le 
motions in the atmospheres of stars like 17 Leporis, « Aurigae, and a Persei. In investigz- 
tions, which, it may be noted, were also the first to apply the then new method of the 
curve of growth to the analysis of stellar atmospheres—the method had already been ap- 
plied to the solar atmosphere by Minnaert—Struve and Elvey showed that the linear 
portion of the curve of growth, as well as the line profiles themselves, cannot be ex- 
plained in terms of the Doppler effect due to thermal motions alone and that large-scale 


1M.N., 89, 49, 1929. 
2 M.N., 89, 718, 1929. 3 Nature, 127, 162, 1931; also W.N., 91, 121, 1931. 


4M.N., 94, 768, 1934; 96, 42, 1935. 
5 Ap. J., 79, 409, 1934; see also O. Struve, Proc. Nat. Acad. Sci, 18, 585, 1932. 
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motions of a turbulent nature must be postulated. This conclusion has since been con- 
firmed and extended by various other investigators. 

That turbulence must play a part also in the solar atmosphere became clear after 
Unséld® had shown that in the deeper layers of the solar photosphere, where hydrogen 
begins to get ionized, the radiative gradient must become unstable. Since that time the 
view first advanced by Siedentopf* and Biermann,* that the solar granulation must, in 
some way, be related to this hydrogen convection zone, has been steadily gaining ground. 

Again the investigations of Struve and his associates during the past few years have 
shown that the shells surrounding early-type stars and the gaseous envelopes in which 
spectroscopic binaries are frequently imbedded must also be turbulent, the turbulence 
in these contexts arising, in the first instance, from the different parts of the shell or 
medium rotating with different angular velocities. 

And, finally, it would appear that the interstellar clouds must also be in a state of 
turbulence; for, assuming that a typical cloud is 10 parsecs in diameter and that relative 
motions to the extent of 10 km/sec occur, we find that the Reynolds number must be of 
the order of 10°; and the motions inside the cloud must therefore be turbulent. The even 
larger question now occurs whether we may not indeed regard the clouds of various di- 
mensions in interstellar space as eddies in a medium occupying the whole of galactic 
space. 

From this brief survey of the various problems in which turbulence may play a role, 
it would almost appear that, if we are in the mood for it, we may encounter turbulence 
no matter where we turn. But what is the picture of turbulence in terms of which we wish 
to interpret such a wide diversity of phenomena? It is that in a turbulent medium there 
are eddies which spontaneously form and disintegrate; that this process goes on continu- 
ously; that each eddy travels a certain average distance with a certain average speed be- 
fore it loses its identity—a specific enough picture but not one derived from, or justified 
by, a physical theory. Thus, while the basic concepts of “‘mean free path” and “root- 
mean-square velocity” which underlie the picture are plausible enough, it was not known 
how these quantities were to be related with the physical conditions of the problem. In- 
deed, from the point of view of a rational physical theory, the situation has been so un- 
satisfactory that, in a recent conversation, Dr. Russell recalled that E. W. Brown, re- 
ferring to the frequency with which appeals were being made to the action of a resisting 
medium to account for this or that anomaly in the motions of celestial bodies, once re- 
marked: ‘‘What fifty years ago used to be attributed to the direct intervention of the 
Deity are now being attributed to a resisting medium.” Dr. Russell added that he some- 
times felt the same way about the frequency with which turbulence is currently being in- 
voked to account for astrophysical phenomena. Nevertheless, it would seem that the ap- 
plication of the newer developments in the theory of turbulence may help to remove this 
element of the miraculous in astrophysics. 

As I indicated at the outset, the study of turbulence in hydrodynamics started with 
investigations on the stability of laminar flow. In general, these investigations began 
with simple patterns of flow, like axial flow through a tube or plane-parallel flow over an 
infinite plate, and examined the stability of these flows to perturbations of particular 
types with a view to determining the critical value of the Reynolds number at which 
laminar flow becomes unstable. The mathematical analysis required for the investiga- 
tion of stability along these lines is of a very treacherous kind, and, in spite of the enor- 
mous effort which has been expended on this problem by various authors, including 
Heisenberg, Tollmien, Lin, and Pekeris, no positive or general conclusions seem to have 
been reached. However, as Heisenberg has recently emphasized,° investigations of sta- 


6 Zs. f. Ap., 1, 138, and 2, 209, 1931. 
7 A.N., 247, 297, 1933; 249, 53, 1933; 255, 157, 1935. 
8 Zs. f. Ap., 22, 244, 1943. * Zs. f. Naturforsch., 3, 434, 1948. 
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bility along these lines, even if successful, cannot, in principle, lead to an understanding 
of the phenomenon of turbulence itself; for the basic problem of turbulence is of an entire- 
ly different character. That this is the case becomes apparent when we ask ourselves the 
very elementary question, “‘What is the reason that a phenomenon like turbulence can 
occur at all?” The answer must be that an ideal fluid is a mechanical system with a very 
large number of degrees of freedom and that, in consequence, it is theoretically capable 
of a very large number of different types of motions. Laminar motion is only one of the 
many possible motions that the system is capable of, and to expect that it will always be 
realized is as futile as to expect that in a gas we shall find all the molecules moving with 
the same velocity parallel to one another. It is far more likely that all the possible mo- 
tions will be simultaneously present. The fundamental problem of turbulence would 
therefore appear to be a statistical one of specifying the probability with which the vari- 
ous types of motion may occur and are present. Stated in this way, it is clear that the 
problem of turbulence has an analogy with the problem of analyzing a continuous spec- 
trum of radiation. In the latter case, the greatest interest is generally attached to the dis- 
tribution of intensity in the spectrum and only secondarily to the phase relationships. 
Similarly, when we consider the motions in a turbulent fluid, we may make a harmonic 
analysis of the instantaneous velocity field v (r, ¢) in the form 


u(r, t) = Up, (t) (2) 
k 


and ask for the average energy stored in the various wave lengths. We can visualize this 
formal procedure in the following manner. 

Considering the state of motion at a given instant, we may analyze the fluctuating 
velocity field as the result of superposition of periodic variations with all possible wave 
lengths. We may picture the component with a wave length A as corresponding to an 
eddy of size \, and, since many wave lengths are needed to represent a general velocity 
field, we may speak of a “hierarchy of eddies.’’ This hierarchy of eddies will be limited 
on the side of long wave lengths by the fact that no eddy of size larger than the dimension 
of the medium in which we analyze the turbulence can occur. 

Instead of the wave length \, it is often more convenient to speak of a wave number 

= 2n/X. 

Analyzing the motion into eddies in this manner, we can ask: What is the energy per 
unit volume stored in eddies with wave numbers between & and k + dk? If pF(k)dk de- 
notes this energy, F(k) is said to define the spectrum of turbulence. 

It can be shown that most of the interesting features of turbulent motion can be de- 
duced from its spectrum. For example, the correlations u,4; between the instantaneous 
velocity components u, and u; at two differen: points of the medium can be expressed 
simply in terms of the spectrum. Such correlations were first introduced by G. I. Taylor'® 
as a basis for a phenomenological theory of turbulence, and they have since been studied 
extensively, both theoretically and experimentally. It is therefore natural that the ques- 
tion of the spectrum of turbulence should be in the forefront in all recent discussions of 
turbulence, since most of the available experimental data on the subject are capable of 
being interpreted in terms of the spectrum. 

Now, returning to the optical analogy I referred to earlier, we know that under condi- 
tions of equilibrium the distribution of energy in the continuous spectrum will be that 
given by Planck’s law. We may ask whether a similar equilibrium spectrum exists for 
turbulence. In answering this question, we must keep in mind one important distinction 
between the optical analogue and turbulence. In the optical case the equilibrium Planck 


10 Proc. R. Soc. London, A, 164, 476, 1938. For a general account of these investigations see H. L. 
Dryden, Quar. Appl. Math., 1,7, 1943. 
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spectrum will be reached, no matter what the initial distribution is. In contrast, turbu- 
lence can be maintained only by an external agency, like continuous stirring, the energy 
available from thermal instability, or rotation in a differentially rotating atmosphere. In 
other words, energy is required for the maintenance of turbulence; in the absence of such 
an agency, turbulence will decay, and the spectrum will be a function of time. In discuss- 
ing the spectrum of turbulence, we must therefore distinguish between two cases: the 
case in which the agency maintaining turbulence is communicating energy to the medium 
at a constant rate and a stationary condition prevails and the case in which there is no 
external agency maintaining turbulence and the turbulence, in consequence, is decaying. 

In the stationary case it is clear that energy must be dissipated in the form of thermal 
energy at the same rate at which energy is being supplied. 

According to the laws of hydrodynamics, the rate of dissipation of energy by viscosity 
is given by 


a 


per unit volume. In equation (3) v is the kinematic viscosity and is u/p. In terms of the 
spectrum this expression for ¢ becomes 


Under stationary conditions this must be the rate at which energy is being communi- 
cated to the medium by the external agency. 

Considering, now, the problem of determining the spectrum of turbulence under sta- 
tionary conditions, we may first remark that the presence of an external agency main- 
taining turbulence requires us to distinguish bet ween the region of the spectrum in which 
the eddy sizes are comparable to the linear dimension —/o, say—of the system and the 
region of the spectrum in which the eddy sizes are small compared to the linear dimen- 
sion of the system. In the first region the nature of the spectrum must clearly depend on 
the external agency. We should not, therefore, expect to give a theory of the spectrum in 
this region which will be universally valid. Each situation will have to be analyzed sepa- 
rately. On the other hand, it does not seem unreasonable to suppose that the distribution 
of energy among the eddies which are small compared to the dimension of the system 
will be largely independent of the particular mechanism maintaining the turbulence and 
will depend only on the rate ¢ at which energy is being supplied. In terms of wave num- 
bers we may express this in the following way. 

Let ko ~ 1/9 denote the wave number of the largest eddies present. Then for k > ko 
we may expect the spectrum to approach a universal one, depending only on e and v. We 
may further expect that, as the Reynolds number tends to infinity, more and more of 
the spectrum will follow a universal law. When this is the case, we say that we have the 
equilibrium spectrum for a fully developed turbulence. In astronomical contexts turbu- 
lence, when it occurs, may be expected to be fully developed in this sense. 

Turning, now, to the specification of the spectrum, we may suppose that the energy 
supplied by the external agency is communicated principally to the largest eddies, i-e., 
for k ~ ko. Let € denote this rate. As we have seen, energy is being dissipated by vis- 
cosity at this same rate; it is evident that this dissipation into thermal energy will be 
effected principally by the smallest eddies, in which the motions may be expected to be 
laminar. Consequently, energy at this same rate must flow through the entire hierarchy 
of eddies, and the equilibrium spectrum will be determined by this condition of constant 
flow of energy through the hierarchy. To translate this condition of constant flow of 
energy through the hierarchy into a quantitative expression, we consider the rate « at 
which energy flows from eddies of all wave numbers less than a particular k to eddies of 
all wave numbers greater than this &. Ina general way it is clear that we must distinguish 
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between two different types of contributions to ¢,: First, there is the dissipation directly 
into thermal energy: 


k 
ex (thermal) = 2p» F(k) (5) 
0 


Then there is the energy communicated to the eddies of smaller sizes in the form of 
kinetic energy of motion. We shall give an expression for this later, but we may note 
meantime that, for any given k, the relative importance of the two contributions will de- 
pend on & and the Reynolds number of the entire motion. If &, denotes the wave num- 
ber of the eddies in which the motion begins to be laminar, then we should expect that, 
for k > k,, the transfer of energy into the kinetic energy of motion will be negligible. On 
the other hand, if the Reynolds number is sufficiently large, then in a significant portion 
of the spectrum the inequality ky) « k « k, will be valid; this inequality means that there 
exists a range of sizes which is small compared to the largest eddies present but large 
compared to the eddies in which the dissipation by kinetic viscosity occurs; and this will 
certainly happen if we let the Reynolds number tend to infinity. Now let the Reynolds 
number be sufficiently large for the inequality kx<k«k, to be valid over a portion of 
the spectrum. In this portion of the spectrum, in contrast to the portion of the spectrum 
where & >> k,, the thermal contribution to e, must be negligible; when this is the case, the 
spectrum may be expected to become independent of the viscosity as well and depend 
only on e. These ideas, which underlie the recent developments in the theory of turbu- 
lence, were first clearly recognized by L. F. Richardson, to whom the following rhyme is 
attributed: 

Big whirls have little whirls, 

That feed on their velocity; 

And little whirls have lesser whirls, 

And so on to viscosity. 


However, mathematical expression was first given to these ideas by Kolmogoroff,"' in 
the form of two principles. In our present context we may state the principles of Kolmo- 
goroff in the following form: 

1. The spectrum of age sn for all k much greater than a certain ko must be deter- 
mined uniquely by e = ¢€/p and the kinematic viscosity v = u/p. 

2. For infinite Rey es number the spectrum must, in addition, become independent 
of v and depend only on e. 

We shall see that in these forms the principles are valid also for the problem of decay. 

We shall now show how the two principles of Kolmogoroff enable us to determine the 
form of the spectrum in the region ky << k K ky. 

Now F(&) is of dimension (velocity)? X length, while & itself is of dimension (length)~'. 
Quantities of these dimensions which can be constructed out of e and v are 


(Velocity) ? X length = [@e) 


Length = 


Consequently, Kolmogoroff’s first principle requires that 
F(k) = “f (kv , (7) 
where f is a universal function of the argument specified. According to the second prin- 


ciple, F(&) should be independent of v in the region koxK kK k,. Accordingly, in this re- 
gion f(x) must be of the form 


(6) 


f(x) =Ca-54, (8) 


11941, . —E Acad. Sci. U.S.S.R., 30, 301, and 32, 16, 1942; see also G. K, Batchelor, Proc. Cambridge 
Phil. Soc., 43, 533, 1947. 
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where C is a constant; for then 


F(R) =C 4 -5/3 
e (9) 


= C e2/3k-5/8 ; 


and the requirement that F(&) be independent of v is satisfied. Hence, when the Reynolds 
number tends to infinity, the spectrum will follow more and more closely a k~*/3-law— 
this is the Kolmogoroff spectrum. I should perhaps mention at this stage that the k~*/*- 
law was discovered independently, also by Onsager" and von Weizsiicker,'* but several 
years later. 

It is sometimes convenient to think of all eddies with wave numbers exceeding a cer- 
tain k (i.e., with wave lengths less than a certain A) as having a certain mean velocity, j 
v;. For this purpose we may adopt as definition the equation 


ya dk. (10) 


When the equilibrium Kolmogoroff spectrum prevails, this equation gives the law 
, (11) 


While Kolmogoroff’s method of determining the form of the equilibrium spectrum of 
fully developed turbulence is very elegant, it does not, one must admit, give any rea! in- 
sight into the physical nature of turbulence. Also, even under equilibrium conditions, it 
does not give the part of the spectrum in which the dissipation by viscosity begins to be 
an important factor. An elementary theory which visualizes clearly the phenomenon of 
turbulence and which gives, at the same time, the complete equilibrium spectrum is due 
to Heisenberg.'* The ideas underlying Heisenberg’s development can be explained very 
simply. 

Considering the rate at which eddies with wave numbers between 0 and & transfer 
energy to eddies with wave numbers exceeding &, Heisenberg writes 


k 
(mechanical) = 2 py, F (k) (a2) 
0 


in analogy with expression (4) for the thermal part of the energy transfer. In writing 
e. (mechanical) in the form (12), we are assuming that the process of energy transfer be- 
tween the sets of eddies (0, &) and (k, ©) can be visualized in terms of a suitably defined 
coefficient of viscosity, ;. We are, of course, familiar with the concept of eddy viscosity 
derived from the picture of eddies describing a certain mean free path J, with a certain 
root-mean-square velocity, v;. On this picture 


Up 
VE ~ I, (13) 


since we may expect /, to be of the order of 1/. However, for our purposes this is not a 
suitable expression for »,; to be useful, it must be expressed in terms of the spectrum. As 
the simplest of possible expressions, Heisenberg assumes that 


ah, (14) 


2 Phys. Rev., 68, 286, 1945. y 
13 Zs, f. Phys., 124, 614, 1948. 
4 Zs. f. Phys., 124, 628, 1948, and Proc. R. Soc. London, A, 195, 402, 1948. 
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where x is a certain numerical constant. Apart from the fact that the expression on the 
right-hand side is of the correct dimension, the justification for writing it in this particu- 
lar form is the following. 

If F(k) follows a simple power law of the form k~", then 


In other words, formula (14) is a valid form when F(k) follows a power law; we assume 
that we may use the same expression even when this is not the case. 
According to equations (12) and (14), we have 


This expression for ¢, admits of a simple interpretation. In a unit volume of the waite 
eddies with wave numbers between k’ and k’ + dk’ transfer energy to eddies with wave 
numbers between k” and k” + dk” (k”’ = k’) at the rate 


F (k"’) 


a7) 


e(k’; dk’dk" = 2 pF (k’) k” 


We may think of ¢ (A’; k’) as a transition probability governing the process of energy 
transfer between eddies. The possibility of defining such a transition probability is, of 
course, implicit in our concept of the existence of a hierarchy of eddies. 

Now, combining the expressions for ¢;(thermal) and ¢.(mechanical), we have 


This is the fundamental equation of Heisenberg’s theory. It combines in a single expres- 
sion the ideas underlying the picture of turbulence in terms of eddies describing mean 
free paths and the principle expressed by Richardson’s rhyme. 

For stationary turbulence, ¢, must be a constant, independent of k, and this condition 
suffices to determine the spectrum. Indeed, the exact solution of equation (18) for the 
case €. = Constant can be given explicitly.. We have 


1 
[1+ (k/k,)*]" 


(k > ko) 


F(k) = Constant 
= 0 (k < ko) ’ 


where 
k, = 0.2211 hy (Rox) 34, 


and Ro denotes the Reynolds number 


Ry= = (Root-mean-square velocity of all eddies present) 
(21) 


X diameter (=7/ko) of the largest eddies, 


18S, Chandrasekhar, Phys. Rev., 75, 896, 1949. 
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We observe that, according to these equations, when Ry— © ,k, > © , and we recover 
the Kolmogoroff spectrum. More generally, when the Reynolds number is finite, but 
sufficiently large, there will be a region of the spectrum in which the inequality ky < kk, 
will be valid; and in this region the spectrum will follow closely the k~*/*-law. However, 
the solution of Heisenberg’s equation also shows that, for any finite Reynolds number, 
no matter how large, we must get departures from the k~*/*-law when & approaches k, 
and that for k > k, the spectrum follows an inverse seventh-power law: 


F (k)«k7? (k> k,) (22) 


Evidently this is the region of the spectrum where the dissipation by viscosity into 
thermal energy is the dominant factor. Accordingly, we may take k, as defining the wave 
number of the eddies at which the dissipation by kinetic viscosity becomes comparable 
to the kinetic energy transferred to smaller eddies by eddy viscosity. 

In astronomical contexts we shall probably be mostly concerned with stationary tur- 
bulence. But it is an important aspect of Heisenberg’s theory that it also enables the 
treatment of the problem of the decay of turbulence. I shall therefore spend a few mo- 
ments on this aspect of the subject. 

Now, if there is no external agency maintaining turbulence, then clearly 


k 


since, by definition, ¢ is the net energy dissipated by the eddies with wave number be- 
tween 0 and &, either in the form of molecular motion and thermal energy or in the form 
of the motions of the smaller eddies and kinetic energy. The decay of turbulence will 
therefore be described by the equation 


A case of some importance in this connection is the following: Suppose that we have 
initially an equilibrium spectrum and that, at a certain instant, the agency maintaining 
the turbulence is cut off. Then, in the decay of turbulence which will ensue, we may dis- 
tinguish three stages—an early stage, during which the larger eddies (k ~ ko) adjust 
themselves to the fact that no energy is being communicated to them; an intermediate 
stage, during which there is a sufficient store of energy among the larger eddies to main- 
tain an equilibrium distribution among the lower members of the hierarchy and the 
Reynolds number remains constant; and, finally, a last stage, during which the store of 
energy among the larger eddies is getting exhausted and the Reynolds number decreases 
to zero. 

While a unified discussion of all three stages of decay is a difficult problem, it appears 
that on the basis of Heisenberg’s equation we can follow the second stage quite com- 
pletely and in an explicit fashion; for, from the constancy of the Reynolds number which 
we expect during this stage, we conclude that the spectrum must be “‘self-preserving” in 
the sense that it keeps the same form, though the scale may change with time. From 
equation (24) the condition of self-preservation is seen to be equivalent to seeking solu- 
tions of this equation of the form ' 


F(k,t) = (25) 


where f is a function of the argument & +/ ¢. The physical meaning of a solution of this 
form is that during the decay the eddies grow in size like \/¢ and that the total energy 
stored in turbulence decays like 1/¢: 


@ 
=f de. (26) 


However, the form of the spectrum remains unchanged. 
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With F(z, #) given by equation (25), the equation determining /(«) can be reduced to a 
second-order nonlinear differential equation which can be studied by standard meth- 
ods.'® And the discussion shows that, for any finite Reynolds number, 


F t)«k (k-0), 
F (k, t)«xk7? (kR—o@). (27) 


and 


Moreover, when the Reynolds number is sufficiently large, there is a part of the spec- 
trum which approximately follows the k~*/*-law. And when the Reynolds number ac- 
tually becomes infinite (or equivalently v = 0), the spectrum approaches the k~*/*-law 
exactly ask— 

As I stated earlier, the decay spectrum predicted by these curves is valid only during 
the second stage, when there is a sufficient store of energy among the larger eddies to 
maintain an equilibrium distribution for k—» ©. When this ceases to be the case, the de- 
cay will proceed much more rapidly and, as Batchelor and Townsend” have shown, the 
1/¢-law is then replaced by 1/#°’*-law, and the Reynolds number, instead of remaining 
constant, starts decreasing to zero. 

I think that that about describes the present state of the theory of curbulence. Having 
spent so much time on the physical theory, I should like to conclude by a brief reference 
to an application which von Weizsicker has made of these ideas on turbulence.'® 

As is probably generally known, von Weizsiicker has outlined a general cosmogony, 
the essential feature of which is the prominent role which he ascribes to the interplay be- 
tween turbulence and rotation. 

It is the usual fave of cosmogonical theories not to survive. I do not suppose that von 
Weizsiicker’s theory will prove the exception to this rule. However, I have been person- 
ally attracted by his writings for two reasons, first, because he expresses himself with a 
restraint and a modesty which is unusual among writers in this field and, second, be- 
cause I think that we may accede to the importance he ascribes to turbulence without, 
at the same time, subscribing to his detailed picture of the manner in which he expects 
turbulence to operate. From one point of view he may be said to have scored already; for 
it was his emphasis on the role of turbulence in cosmogony that led Heisenberg to ex- 
amine the basic physical theory, with the result that we have today the beginnings of a 
foundation on which we may build. 

As I have said, von Weizsiicker’s cosmogony rests on the effects which he expects from 
the interplay of rotation and turbulence. More particularly, the effects which he expects 
can be described in the following terms. 

Consider, for example, a sheet of gas at very low density in the equatorial plane of a 
central mass, which we may identify with a star or with the nucleus of a galaxy. If we ig- 
nore, in the first instance, the effects of pressure and viscosity, each element of gas will 
describe a Keplerian orbit in the field of the central mass. If the system is assumed to 
have an axial symmetry, the orbits must be circular, and the angular velocity will vary 
with distance, s, from the axis, according to the law 


(28) 


The successive rings of gas in the medium will therefore have motions relative to one an- 
other, and turbulence will ensue. As a result of this turbulence, viscous stresses will come 
into play and will perturb the motions, both in the radial and in the transverse direc- 


16 Tbid., 76, 1454, 1949, and Proc. R. Soc. London, A (in press). 
'T Proc. R. Soc. London, A, 193, 539; 194, 527, 1948. 
'S Zs. f. Ap., 22, 319, 1944; 24, 181, 1947, and Zs. f. Naturforsch., 3A, 524, 1948. 
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tions. Examining the sense of these perturbations, von Weizsicker concludes that all 
matter interior to a certain critical radius will fall toward the center, while the matter 
outside this radius will tend to move outward and dissipate into space. He invokes this 
mechanism in a variety of different contexts: for the dissipation of the gaseous envelope 
which, he imagines, once surrounded the sun and in which he presumes the solar system 
was formed; for interpreting the ring structure in extragalactic nebula. And, going fur- 
ther back to the beginning of things, he believes the linear dimensions of the present 
galaxies must have been determined by the condition that at these distances the forces 
which led to the expansion of the universe and the forces which result from turbulence 
compete on about equal terms; he infers the existence of such a distance from the fact 
that, while the mean velocities increase linearly with the distance in an expanding uni- 
verse, the mean velocities increase only as the one-third power of the distance in a turbu- 
lent medium. I should emphasize again that it is not necessary to subscribe to all these 
speculations of von Weizsiicker to grant the importance of turbulence for the purpose of 
cosmogony. It is, indeed, entirely possible that the theory of turbulence which I have de- 
scribed may bear its first fruits ina much less spectacular way in the solution of more spe- 
cific problems. Thus Martin Schwarzschild has already extended Heisenberg’s theory to 
include the agency maintaining turbulence for the case when turbulence results from 
thermal instability. It is clear that the extension of Heisenberg’s theory to the case of 
turbulence induced by thermal instability must have important applications to the in- 
terpretation of the solar granules. 

While we shall have to wait for these and similar developments before we can finally 
pass on the importance of the recent developments in our understanding of turbulence 
for astrophysics, I think we may be sure of at least one thing. 

“We cannot make bricks without straw”; that is a common enough saying. It is equal- 

‘ly true that we cannot construct a rational astrophysical theory without an adequate 
base of physical knowledge. It would therefore seem to me that we cannot expect to in- 
corporate the concept of turbulence in astrophysical theories in any essential manner 
without a basic physical theory of the phenomenon of turbulence itself. It appears that 
the first outlines of such a physical theory are just emerging. 
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ABSTRACT 

The problems of the temperature distribution in an atmosphere in which the sources of opacity are 
continuous scattering and continuous absorption, and of the definition of a mean absorption coefficient, 
x, are discussed, following the methods of Chandrasekhar in his discussion of these problems for an at- 
mosphere in which the opacity is given by continuous absorption only. It is shown that a definition of « 
similar to that given by Chandrasekhar results, except that the weight functions in this case are the mono- 
chromatic fluxes in a gray body with continuous scattering as well as continuous absorption. The correc- 
tion to the gray-body temperature law in the (2, 1) approximation is found from a weighted mean of the 
departures from x of the absorption coefficient. The weight functions used are the derivatives with re- 
spect to 7 of the monochromatic fluxes of the gray body. 

Tables of the monochromatic fluxes and of their derivatives with respect to 7 are given for a number of 
values of \, the ratio of the continuous absorption coefficient in the gray body to the total opacity co- 
efficient in the atmosphere. 

The problem of line formation by absorption and by scattering in an atmosphere with both continuous 
absorption and continuous scattering is considered, and formulae for the residual intensity in the lines are 
derived in the Milne-Eddington approximation of line formation. The conditions necessary for emission 
to occur are investigated, and it is found that a strong line formed in absorption will show emission if 
there is some continuous scattering in the atmosphere and if the temperature gradient is not too steep. 


I. INTRODUCTION 


The problem of the formation of the continuous spectrum and the determination of the 
temperature gradient in a plane-parallel atmosphere in local thermodynamic equilibrium 
and with a continuous absorption coefficient dependent on frequency has been discussed 
by Chandrasekhar,!' and a systematic method of improving the gray-body temperature 
distribution has been set up. He has shown that by the proper definition of the mean ab- 
sorption coefficient, x, the corrections to the gray-body temperature distribution may be 
minimized. However, if we wish to investigate the temperature distribution in the at- 
mospheres of the O and B stars, where continuous electron scattering gives an important 
contribution to the opacity of the atmosphere, we must modify Chandrasekhar’s treat- 
ment; for the equation of transfer appropriate to the problem with continuous scattering 
as well as continuous absorption is 


(1) 

pdx 
Here x, is the continuous absorption coefficient which varies with frequency in an arbi- 
trary way, and a is the continuous scattering coefficient which is assumed to be independ- 
ent of frequency. When o = 0, equation (1) reduces to the equation of transfer appro- 
priate to the problem considered by Chandrasekhar. Equation (1) is to be solved under 
the condition of a constant net flux of radiation, 


* Fellow of the National Research Council. 
1 Ap. J., 101, 328, 1945. This paper will be referred to as “‘ Paper VII.” 
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We shall also investigate the formation of lines by scattering or by absorption when 
the atmosphere has opacity due to continuous absorption and to continuous scattering 
independent of frequency. This problem is similar to that discussed by Schuster,? who 
considered the formation of lines by absorption in an atmosphere with continuous scat- 
tering only. 

Il. THE DEFINITION OF Kk 


In this and the following section the methods of Chandrasekhar, Paper VII, will be 
followed closely. The condition of constant net flux or radiative equilibrium, applied to 
equation (1), readily gives 


ky (J, —-B,) dv=0, (3) 


0 


which is formally the same as the expression derived in the case of no continuous scat- 
tering. We shall assume that the variation in x, may be expressed as 


k= kK(1+ (4) 


where 6, is a small quantity. With the use of equation (4), the equation of transfer be- 
comes 
d i 


We shall first investigate the gray-body approximation by setting 6, equal to 0. If we 
ut 
dr= — (k+oc) pdx (6) 


and denote that we are working in the gray-body approximation by a superscript (1), we 
get the equation of transfer, 


K (1) 
— —— B, . 
k+o 


The condition of constant net flux gives 


() 
— y = 0 
ite tJ By | dv 


and, since k x + o is independent of frequency, this means that 
J = BO), (9) 


where J‘) and B\ are the integrated mean intensity and Planck function, respectively, 
in the gray-body approximation. The relation (9) is also valid in the case in which there is 
no electron scattering and leads to the standard gray-body temperature law.® 
The next step is to solve equation (5) by an iterative process. We replace /{?) and BY) 
in the term containing 6, by /{ and B!”’. We then have 


If 7{" is replaced by its equivalent from equation (7), this equation can be rewritten 


Ap. J., 21, 1, 1905. 5 See Paper VII, pp. 329 and 343, eq. (102). 
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We now integrate over v to obtain an equation in the integrated radiation field, and also 
integrate over wu and divide by 2. After nee terms, we obtain 


The condition for radiative equilibrium is 
dF?) 


dr 


which gives 


To obtain the equation of transfer in the integrated intensity in the second approxima- 
tion in a convenient form for solution, we integrate equation (11) over v and substitute 
the expression for B® given in equation (13). The result of these operations is 


This expression may be compared to equation (32), Paper VII. We see that the introduc- 
tion of continuous scattering in addition to continuous absorption has only altered the 
equation of transfer for the integrated intensity by a constant factor x/x + ¢ in front of 
the terms containing 6,. 

The solution of equation (14) follows exactly as in Paper VII. We assume a slain 
| of the form 


(2) kor n— L® 
I; hot — she (r) +7 + (15) 


42, 


As in the case without continuous scattering, the variational equations are found to be 


(16) 
(1) 
is? 
dv — VJ, 6 dv] insti, +n 
When we multiply by a,u,; and sum over 7, we get 
() 
1 , _ 2 i (17) 


To make Q® independent of 7 (for the reasons noted in Paper VII, p. 334), we see that 
the integral on the right side of equation (17) must be zero, since k/« : o cannot be zero. 
This condition leads directly to the definition of « given by Chandrasekhar, 


(1) 

o F 

ke (18) 
I 
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The difference in our case is that the F!"’ here refers to the monochromatic flux ina gray 
body with continuous scattering as well as continuous absorption. In the case treated by 
Chandrasekhar the F{" refers to the monochromatic flux in a gray body with only con- 
tinuous absorption as the source of opacity. 


Ill. DETERMINATION OF THE TEMPERATURE LAW 


The variation of temperature with optical depth is found from the definition of tem- 
perature, 


{IT (r) (19) 
Tv 


Here a is Stefan’s constant, 


5.67 10~5 ergs/cm?/degree‘/sec . 


a 


In the gray body the integrated equation of transfer is 


(1) = 
) ) 
dr k+o kt+o 
Since we have 

from equation (9), equation (20) reduces to the standard equation of transfer treated. by 
Chandrasekhar in Paper II.‘ Hence we find that the gray-body temperature distribution 
in an atmosphere with continuous scattering and continuous absorption is formally the 
same as in an atmosphere without scattering. We have® 


B (7) (T°? (7) 21) 


where 7 is defined by equation (6). In the second approximation the temperature dis- 
tribution is found from 
(9 a 9 
B? =< (7° (22) 


We shall evaluate B’)(7) in the case n = 1 (Eddington’s approximation to the solution 
of the equation of transfer). The formulae become rather complex when x > 1 but can 
be worked out, if desired, by following the methods of Chandrasekhar in Paper VII. 
When n = 1, the (2, 1) approximation, equation (15) gives us 


) 2) 
I? =2F(Q? +744, 23) 
which gives 


However, in this approximation — 
hence it follows that 
Thus we find that 


‘Ap. J., 100, 76,1944. Ibid., eq. (30). 
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The temperature distribution is then given gf 


(1) 


An expression for J!’ — B{” must be obtained from the monochromatic equation of 
transfer for a gray body, equation (7). This equation is reminiscent of the equation of 
transfer for the standard problem of line formation; for, if we put 


r= (28) 


the equation of transfer becomes 


We shall assume that d is independent of 7, and we shall put 


(r) =a+hr. 30) 
Then the equation of transfer is 
dis? 
dr =], —(1-A)J, —A(a+r). (31) 


The assumption expressed in equation (30) is important. It is necessary to make this 
assumption if we are to solve the equation of transfer by existing methods. However, 
when we are dealing with the continuous spectrum, we must remember that this is prob- 
: ably not a good assumption, and we should allow for this when we interpret our results. 
i 4 We note that equation (31) is the equation of transfer for the Milne-Eddington problem 
of line formation. Consequently, we may proceed by the standard methods of solution for 
this problem.® 
We postulate the general solution 


(32) 


and readily obtain 


ka 


From equations (30) and (33) we see that 


However, we note that 


(36) 


6 Paper IT, p. 86; also, Cesco, Chandrasekhar, and Sahade, Ap. J., 100, 355, 1944. This paper will be 
referred to as ‘Paper IV.”’ 
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(vp (37) 
4x dr 


Reference to equation (27) shows that the temperature distribution in the (2, 1) approxi- 
mation is thus given by 


a _ 1 o\ 


When o = 0, no continuous scattering, equation (38) reduces to the expression obtained 
by Chandrasekhar in Paper VII. If 4, is independent of 7, the correction term vanishes, 
and the gray-body temperature law is valid in the (2, 1) approximation. This result is a 
consequence of the definition of x.” 


IV. CALCULATION OF THE WEIGHT FUNCTIONS F!)) /F anp dF‘ /dr 


We must now calculate the weight functions F!!’/F for forming x, and dF{” /dr for 
correcting the temperature distribution when there is continuous scattering. We have 
explicit formulae for these functions in equations (34) and (36). The characteristic roots, 
k., are tabulated as functions of \ by Cesco, Chandrasekhar, and Sahade in their treat- 
ment of the Milne-Eddington problem.* In a succeeding paper® they give explicit formu- 
lae for the L.. The ZL, are functions of the y;, the ka, and of a,/b,; thus they depend on the 
values of the coefficients in the expansion for BS!’(r), equation (30), and must be calcu- 
lated for each frequency v. 

If we use the variable “a 

‘iy 


we can write the Planck function in the gray-body approximation as 


15 a'f 


(1) 


where we have used the gray-body relation'® between 7 and 7. For small r we have the 
expansion 
(1) 
Bs” (7) =Bi” (0) | T; (41) 
dr r=0 
hence we shall identify the coefficients a, and 6, of equation (30) with BS” (0) and with 
[dB /dr],.0, respectively. Under this assumption we find 
15 a’ 
FF. 


and 


F 
b, 15/7 [1+ (dg/dr) rao] 


Consequently, 


_ 
ba \V3/ alt + (dq/dr) 

7 See Paper VII, p. 334. J., 101, 320, 1945. 

8 Paper IV, p. 358. 10 Paper VII, eq. (102). 
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Equations (43) and (44), in conjunction with equations (34) and (36), enable us to 
find the monochromatic fluxes F or F{” in units of the total flux F, and the derivatives 
of the monochromatic fluxes dF!” /dr or dF{? /dr in units of F fora gray body with elec- 
tron scattering. These weight functions are given in Tables 1 and 2 for a number of val- 
ues of \ and for some values of 7. The frequencies v are listed in terms of the variable a. 
The calculations were carried out in the third approximation, n = 3, to one more deci- 
mal place than given in the tables. 

The expressions? for the constants Z may be written in the form 


dy 
Li= fi- 


where /; and g; are functions of the k’s and the w’s. The formulae for the /; and the g, can 
be readily found by reference to the work of Cesco, Chandrasekhar, and Sahade.* These 
functions depend only on ) and are given in Table 3 for the third approximation, n = 3. 
With these constants one can readily compute the L’s and then the F{!)/F and the 
dF‘ /dr at any value of r desired or for any value of the ratio a,/b,. For some problems it 
might be more advantageous to find explicit forms for a, and 6, by expanding B,(r) 
about another value of 7, say, 7 = 0.60, the “effective depth of the photosphere,” than 
from its value at 7 = 0.0 as we have done above. 

Since we have used an approximate form for the function B,(7), it is of interest to 
make Tables 1 and 2 complete in this approximation by evaluating F{? and dF{” /dr 
when \ = 1, the case of no continuous scattering. We see from Paper VII, equation 
(101), that in this case 


(1) = 2f BY” (t) Ex (t— r)di+2f (t)E2(r —1) dt, (45) 
T 0 
where £2 is the second exponential integral. If we introduce our linear expansion for 
B\(t), we obtain 


FOU (r) = aa rdt+ dt|+2b, 


This expression may be readily integrated to give 
ba 
where E;(7) and £,(7) are the third and fourth exponential integrals, respectively. Dif- 
ferentiation of equation (47) gives 


dF," 
Gt = 2be| Bs (7) |. (48) 


The values in Tables 1 and 2 entered in the \ = 1 column have been calculated by equa- 
tions (47) and (48). 

A review of the material in Table 1 shows that the monochromatic fluxes are not 
strongly dependent on A, that is, upon the contribution of continuous scattering to the 
total opacity. This is a fortunate circumstance, for in an actual problem one will have to 
estimate a value of \ before actually computing x. This means that one must guess the 
value of the quantity «/x + o. The material of Table 1 shows that considerable latitude 
can safely be allowed in the value of \ chosen. However, the material of Table 2 shows 
that the correction to the temperature distribution depends quite strongly on X. 


: 
; 
A 
% 
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TABLE 2 
THE DERIVATIVES OF THE MONOCHROMATIC FLUXES: dF/dr IN UNITS OF F 
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+ .0108 | 0266 | 0315 0351 
+ .0144 | 0356 0423 0458 | r=0.5 
0....| + .0082 | 0204 0251 
0....| + .0016 0041 0050 0052 
10... .| + .0006 0014 .0016 0017 
12.0....| + .0001 | 0002 .0003 
14.0....| + .0000 | 0000 0001 0001 
0046 
|. 0057 
4 3.0... 0202 
: | 0246 | r=1.0 
6.0....| + .0067 0133 
8.0....| + .0013 
10.0....| + .0004 0009 
14.0...) + .0000 
0.5....| — .0010 | 0016 0013 
1.0....; — .0017 | .0027 
2.0....| + .0013 | .0029 .0038 
+ .0058 | 0109 0112 
4.0....) + .0072 | IJ .0134 0132 | r=1.5 
6.0..... + .0040 | .0073 
8.0.... + .0008 0015 0014 
10.0..... + .0003 
12.0....| + .0001 | 0001 
14.0...) + .0000 | .0000 | 
| | 
0.5....| — .0007 
2.0...) + .0011 | 0023 | 
3.0....| + .0045 | .0062 | 
4.0....| + .0056 | | 7=2.0 
6.0....| + .0031 | 
8.0...) + .0006 0007 
10.0....) + .0002 | 
12.0....| + .0000 | 0000 
14.0... | +0.0000 | .0000 
| | | | | | 
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We should like to evaluate the error introduced by our assumption of a linear expan- 
sion for B{)(7) and by the particular forms that we have chosen for the coefficients a, and 
b,. To do this we should compare the values in the \ = 1 column of Tables 1 and 2 with 
the exact weight functions computed by Chandrasekhar." Such a comparison shows 
that our results are affected quite considerably by the approximations that we have 
made. From the evidence of Table 1, we should be inclined to disregard the effect of con- 
tinuous scattering when forming x, at least for cases in which \ was large. However, the 
evidence of Table 2 compels us to include the effect of continuous scattering when we de- 
termine the corrections to the gray-body temperature distribution. When continuous 
electron scattering contributes appreciably to the opacity of a stellar atmosphere, one 
must decide whether it is better to use the weight functions of Tables 1 and 2 in forming x 
and the corrections to the temperature distribution or to disregard the electron scatter- 
ing entirely and use Chandrasekhar’s weight functions; or whether it is better to be logi- 

cally inconsistent and form x, using Chandrasekhar’s weight functions, yet to use the ; 
weights of Table 2 in forming the corrections to the gray-body temperature law. A nu- 
merical example will show the order of magnitude of the quantities involved. 


TABLE 3 


| 
0.10 0.30 0.50 | 0.70 0.90 0.95 

—0.052384 | —0.013542 +40.004677 | +0.009427 | +0.004878 | +0.002621 
+ .434287 | + .233174 | + .109072 + .039659) + .009292| + .004334 
Pheer + .008748 | + .020162, + .039094) + .031497 | + .011933 | + .005975 
Mateus + .059745 | + .089444 | + .085452/; + 060378 | + .622313 | + .011488 
ge...-....| + .600470 | + .303478 | + .132939| + .046918 | + .010166 | + .004693 
g3........| +0.023376 | +0.059346 +0.074494 | +0.054493 +0.018465 | +0.009134 


Let us consider a pure hydrogen atmosphere which has T = 12,600° and log p, = 2.6 
at r = 0.5. Then from Saha’s equation the fraction of neutral hydrogen is 0.017. The 


scattering coefficient per gram of star material is 


Ma 


where a, is the scattering coefficient per electron, my is the mass of the hydrogen atom, 
and x is the degree of ionization of hydrogen. We can readily compute x,, the absorption 
coefficient per gram of star material, from the well-known formula for the absorption co- 
efficient of hydrogen. We have 


e w= (1-x)k, 


where k; is the absorption coefficient of hydrogen per gram of neutral hydrogen corrected 
for stimulated emission.” We form 
k= Ky 
0 


using the exact weight functions computed by Chandrasekhar and also using the approxi- 
mate weight functions in the column A = 1 in Table 1. Since x, in the Lyman continuum 


1 Paper VII, pp. 344 and 345. \ 
12See Unsild, Physik der Sternatmospharen (Berlin: Julius Springer, 1938), pp. 118 ff. 
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is considerably larger than x, in the rest of the frequency range, it is most convenient to 

divide the integral into two parts and to integrate each _ graphically. Thus we put 
FY 


where v; is the frequency of the Lyman limit. We shall call the integral from », to ~, /;; 
and the integral from 0 to », 72. Ina similar manner we find the quantity 


dF) dF FL 


We shall call the integral from »; to  , 73; and the integral from 0 to », 7;. The results of 
these integrations are given in Table 4. We see that a is negligible with regard to x, as 


TABLE 4 
VALUES OF AND 1/ /dridv AT = 0.5 


| 
| 
| 


weight 18108, 0. 5. 42x10" 0. 336 | +0. 004 0 360 


Approximate weight func- 
tions 0.34108) 1.64 102) 0.091 | —0.043 | 0.048 
| | 


we have assumed. However, the values of x and 1/4F ; 6,{dF\" /dr|dv obtained do de- 
pend significantly on the weight functions chosen. To investigate the effect on the cor- 
rection to the temperature, we refer to equation (38). Remembering that 


us 
we obtain 
(T(r) [3 (r+ q[7]) +0.360] 
if we use the exact weight functions, or 
(+) (r+ 71) +0.048] (52) 


if we use the approximate weight functions. From equations (51) and (52) we can find 
TT, at r = 0.5 for each case. The results are given in Table 5. 

The Rosseland mean absorption coefficient has often been used in problems of radia- 
tive transfer in the atmospheres of stars, and it is interesting to see what the correspond- 
ing opacity coefficient is in this case. From the table given by Unsdld'* we immediat€ly 
find that ke = 8.21, which is of a different order of magnitude fromp the values of « found 
above. 

V. LINE FORMATION IN AN ATMOSPHERE WITH CONTINUOUS SCATTERING 
AS WELL AS CONTINUOUS ABSORPTION 


Let /, be the line-absorption coefficient. Then, if the line is formed by absorption, /, 
acts as an addition to «,, the continuous absorption coefficient, and the equation of trans- 
fer is 


= — +h)B.. (53) 
pdx 


13 Thid., p. 121. 


5 
> 
. ‘ 
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When we put 
Ky + bs (54) 
w+h+o 
and 
dt, = — pdx, (55) 


di, 

dt, 

If the line is formed by scattering, /, acts as an addition to the continuous scattering co- 


efficient, ¢, and the appropriate equation of transfer is 


dl, 


we obtain 


where we have put 
Ke 
TABLE 5 
THE TEMPERATURE CORRECTION AT 7 = 0.5 


Increase over 
| Gray-Body Value 
(Per Cent) 


Gray- body approximation... 
(2, 1) approximation, exact weight functions | 
(2, 1) approximation, approx. w veight functions......., 


We assume coherent scattering, as is customary, although from a physical point of view 
this procedure is not completely logical. Equations (56) and (57) are formally similar and 
are identical with the standard equation of transfer for line formation in an atmosphere 
with only continuous absorption and no continuous scattering. We shall assume that 
dy (or d/) is independent of depth and that B, isa linear function of the optical thickness, 


r,, in the continuum. We write 
(o 
= b,” + bi" Toy (59) 


where 
T= —J(x-+o) pdx. (60) 


This approxi ration is quite good for the problem of line formation, for we work only in 
regions where 7, is small. If we assume that (x, + o) and es + 1, + o) are independent 
of depth, then 


Tr = Nyt, , (61) 


where 
ke +o (62) 


The quantity m, is always less than 1. Under these circumstances we have 
B, = + , (03) 


and equations (56) and (57) become the usual equations of transfer for the Milne-Ed- 
dington problem. An exact solution of this problem has been found by Chandrasekhar."* 


Ny = 


14 Ap. J., 106, 145, 1947. This paper will be referred to as ‘“‘Paper XX.”’ 


(57) 

(58) 

| 

1.055 9 

0.981 - 1 

1 | 

4 
| | 

| 
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Following his arguments, we see that in our notation the emergent flux is 


F, = [a | 
v a2 ay Ne pa a 


(64) 


where a, is the first moment of H(«) and a2 is the second moment of H(u). These func- 
tions are tabulated by Chandrasekhar in Paper XX. 
The residual intensity of a line is given by 

R, = ice ’ (65) 

where Font is the emergent flux in the continuum. In our case the equation of transfer 
for the continuum is 

_ (xv. +o) IL. toJ,+ (66) 

pdx 


If we define 
Ky 
Neont 
it follows that 
(0) 


cont 
Hence the residual intensity of a line formed in absorption is 


R, (abs.) = 


cont 


or, regrouping the terms, 


R, (Neont) +- ~ R2(Xeont) 


Here 
(1 — ) 


2 


Ry (A) = "202+ 


and 
= (72) 
The quantities R, and Rare given in Table 6. Similarly, we see that the residual intensity 
in a line formed by scattering is 


mR (N) + 
Ry (scat.) = 


R; (Neont) 


Ri (Xeont) + 


(67) 
| (68) 
(0) 
| 
| | 69 
| a?+ 
= (71) 
X2 
v 
(73) 
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When there is only continuous absorption and no continuous scattering in the at- 
mosphere, A, = 1, 4, = Ay’, Acont = 1, and m, = d,’, where 
(74) 
Then equation (70) gives the standard solution, 
R, (abs.) = ere 
372 
and equation (73) gives the formula developed by Chandrasekhar in Paper XX, 


ON!) + 


R, (scat.) = 
TABLE 6 
THE FUNCTIONS R,(A) AND R2(A) 


{ 


R2(d) Rild) Ran) 


0.413940 0.371723 
.441610 
486600 


"503853 
526480 


0.394132 


We should like to know whether the Milne-Eddington theory of line formation, gen- 
eralized to include continuous scattering as well as continuous absorption, is compatible 
with the appearance of emission lines in stellar spectra. The condition that emission oc- 
cur at the frequency » is 

Ri (Xeont) +>, (Neont) < nR, (ry) +- Re (77) 


if the line is formed by absorption. If the line is formed by scattering, the symbol A, is 
replaced by ;. It is immediately apparent that, if there is no continuous scattering, 
Aeont = 1, this condition cannot be met whether the line is formed by absorption or by 
scattering and whatever the value of the line-absorption coefficient /,. We have the 
well-known conclusion that lines formed in an atmosphere with only continuous absorp- 
tion as the source of opacity must be dark. The case is somewhat different when there is 
also continuous scattering in the atmosphere. We shall consider the case with /, large, the 
center of the line. Then ”, — 0, and the inequality (77) becomes 


[Re (Xeont) } >Ri (Xcont) « 


i 
| | . 
426737 || .025..............| _.$60080 . 152496 
| 0.402647 || 0.000.............. 0.666666 | 0.000000 
| a 
(78) q 
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If n, ¥ 0, the right side of this inequality is increased, and the conditions for the appear- 
ance of emission become more stringent. If the line is formed by scattering, \) < Yeont 
and the coefficient of b{° /b{” will be negative. Since 6{ /6{” is always positive, we see that 
emission will not occur. If the line is formed by absorption, \, > Acont, and the coefficient 
of b{ { b{” will be positive. The inequality (78) may be met if Acont is not too large and if 
is large. Since the customary definition of b{” /b{” is 


(0) 
b, kT K+o 
dr r=0 K + 


we conclude that strong lines (A, — 0) formed by absorption in a high-temperature star 
in which electron scattering is the chief source of opacity, and in which the temperature 
gradient in the outer layers is small, will be in emission. Lines formed by scattering in 
such a star will not be in emission. 

These remarks may be relevant to the explanation of the emission spectra of some of 
the O stars and of some of the B-type supergiants. On this basis the absorption-line O 
stars are stars with little electron scattering and presumably are of low luminosity. Con- 
sequently, it is not surprising that no spectroscopic criteria of differing absolute magni- 
tude can be found for them," for, by selecting absorption-line stars, one has selected a 
group with similar luminosity characteristics. 

The results obtained are really not unexpected. In 1905 Schuster? showed that a line 
formed by absorption in a medium with continuous scattering could be bright. The physi- 
cal picture'® that he draws to illustrate conditions in a scattering atmosphere is particu- 
larly illuminating. Milne!’ rediscusses the problem considered by Schuster and obtains 
the general conclusions reached by Schuster; however, in attempting a numerical check 
on the theory, he obtains a contradiction, which arises from the approximations which 
Milne makes in his solution and in his expression for c, [our 6{!/b{°]. His criterion for 
emission is essentially ours. We have seen that the exact solution to the problem of line 
formation by absorption processes in a predominantly scattering medium confirms the 
original suggestion by Schuster that strong lines may show emission under certain condi- 
tions. These favorable conditions are likely to be found in the atmospheres of the O stars 
and possibly of the B supergiants. 


R. Petrie, Pub. Dom. Ap. Obs., Victoria, Vol. 7, No. 21. 
16 Op. cit., p. 16. 17 M.N., 89, 17, 1928. 


; | 
_ 


ON THE BROADENING OF HYDROGEN LINES IN 
STELLAR SPECTRA. I 


MarGARET K. KROGDAHL 
Dearborn Observatory, Northwestern University 
Received August 22, 1949 


ABSTRACT 


This paper deals with the problem of how the Holtsmark distribution, which applies only to a static 
configuration of charged perturbing particles, must be modified in order to take into account the collision 
effect produced by the motions of these particles. It is found that, while the Holtsmark distribution de- 
scribes the higher members of the Balmer series quite well, corrections must be applied in order to discuss 
the broadening of Ha, 18, Lyman a, etc., in stellar atmospheres. 


I. INTRODUCTION 


The problem of the broadening of hydrogen lines plays a very important role in the in- 
terpretation of stellar spectra and has been discussed by many authors. However, these 
discussions have not been entirely satisfactory, in that the predicted line contours, while 
agreeing with the observed contours in the extreme wings of the line and for high series 
members, generally fail to account for the observations closer to the centers of the lines.' 
All these calculations? have been based essentially on the use of the Holtsmark distribu- 
tion to determine the probability of the static electric fields responsible for the broaden- 
ing. However, as has been pointed out previously,’ it is actually the neighboring charged 
particles which cause the fields and hence the broadening; and therefore it should be of 
considerable value to reconsider the problem from the point of view of their direct inter- 
actions. Now the Holtsmark distribution describes accurately only a static configuration 
of perturbers, and its use implies that the effect of any relative motion between the per- 
turbing and the perturbed particles can be neglected. While this may be true in many 
cases and while it is clear that the Holtsmark distribution will always describe the wings 
of the hydrogen lines, the final theory cannot be complete without taking into account 
this ‘‘collision” effect. In other words, properly to discuss the broadening of the hydrogen 
lines in all respects, we must find out in what way the Holtsmark distribution is modified 
by the existence of the relative motions of the particles responsible for the broadening. 
Accordingly, in the present paper we shall examine this basic physical problem. 


II. DISCUSSION OF THE METHOD 


It will be recalled that the Holtsmark distribution is the probability distribution of the 


infinite vector sum, 
r 
Pa j 
z= 
mt 


in which the 7;’s are the position vectors of an infinite distribution of particles having an 
average space density m, each exerting a perturbing force of amount Cr". Following an 


See, e.g., Aller, Ap. J., 96, 321, 1942. 
2 See particularly Verweij, Pub. Astr. Inst. Amsterdam, No. 5, 1936. 
3 Krogdahl, Ap. J., 100, 311, 1944. 
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ingenious method due to Markoff,‘ it can be shown that the probability distribution 
W(F) can be expressed in the form 


+c 
W (F) @) 


in which the exponent, D (P), in the characteristic function of the probability distri- 
bution is given by 


+00 
D (p) (1 — dy, (3) 


For the form of vector which occurs here, i.e., r/r”*!, the characteristic function can be 
expressed in terms of the I'-function by making the change of variable 


Cr 


and using polar co-ordinates with the s-axis in the direction of p. Thus 


C3/n fe) +1 roy dg 


After the angular integrations have been performed, this becomes 


4 i d 
= "(Cp)" f (1 


with = p@, and eventually 
D(P) = (aCp)*", 


-| 
3(n+3)0P(3/n)sin 


where 


The cases of interest physically are, of course, the following: 
n=2, a= 2.6031 (linear Stark effect) , 


n=3, a = 3.2899 (interaction of like particles) ; 
n=4, a=4.9548 (quadratic Stark effect) . 


Finally, the probability distribution takes the form 
W (F) = (aCe) dp (10) 


which becomes, after polar co-ordinates have been introduced and the angular integra- 
tions carried out, 


W (F) = sin ( pF) dp (1) 


or, equivalently, 
1 / 


‘For a complete discussion of the derivation and properties of the Holtsmark distribution see S. 
Chandrasekhar, Proc. Cambridge Phil. Soc., 45, 219, 1949. 


| 
| 
i (6) 
| 
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Since the distribution of F is thus spherically symmetric, the distribution of its scalar 
value F is given by 

W (F) =42F°W (F). (13) 


It is customary to introduce the normal field, Q, by 
Q = (14) 


and, with F expressed in terms of the normal field, i.e., 
F=06, (18) 


we obtain for the probability distribution of 8 the expression 


2 / 
—(2/B)3/n 
Wie) f e~ sin xdx, (16) 
or, equivalently, 
2 
=— —y/n j 
W (B) Bf sin Bydy. (17) 


Equations (16) and (17) are the familiar Holtsmark distribution. Its mean value, when 
existent, is given by 


B= (s) (1-2); (18) 


thus for m = 2 the mean value is 3.411. Other moments range between orders 0 and 3/n 
and are given by Chandrasekhar.‘ 

The more general problem with which we are to be concerned in this paper is that of 
finding the probability distributions W(F) and W(F) in the case that the r;’s are time- 
dependent; for now the individual frequency perturbations take the form 


r;(t) 


19 
(1) ’ 


Ao;=C 


since the position vectors r; of the perturbing particles are continually changing. As is 
well known, the standard procedure for treating such time-dependent perturbations 
is to think of them as producing (calculable) phase changes in the wave train emitted by 
a classical oscillator, with the intensity distribution in Aw being obtained as the result of 
a correctly performed Fourier analysis of this wave train. Such, indeed, is the method as 
developed and justified quantum mechanically by Lorentz, Weisskopf, and Lindholm,® 
and later used by Lenz® and with considerable success by Lindholm’ in the case of the 
van der Waals forces (n = 6). We propose to make specific use of this method, as extend- 
ed by Lindholm, in the discussion of the cases n = 2, 3, 4. 

Indeed, it is the essence of the subsequent analysis that the Holtsmark distribution 
itself, although its original derivation arose from considerations of a purely statistical na- 
ture, can also be regarded as the result of a Fourier analysis of the situation in which a 
radiating atom is surrounded by a static configuration of perturbers which are distributed 
statistically. And in this connection it is essential that, since the perturbations are to be 
added vectorially (cf. eq. [1]), we must always regard the frequency w as a vector as well 
as the quantity /, as used in evaluating the phase shifts. 

While at first sight it may seem somewhat artificial to regard time and frequency as 


5 See particularly Lindholm, Ark. Mat., Astr. och. Fys., Vol. 28B, No. 3, 1941. 
6 Zs. f. Phys., 80, 423, 1933. 
7 Ark. Mat., Asir. och Fys., Vol. 32A, No. 17, 1945. 
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vectors, it must be remembered that the quantity ¢, as it occurs here, is really derived 
from the trajectory, which is a directed quantity dependent on the time. Likewise, the 
frequency differences are always proportional to differences of momenta. Accordingly, 
the equation appropriate to the situation is* 


Zz (w) = 500) dt 


where e'“% denotes the statistical time mean value of the exponential.® 
For a static configuration of perturbers the time mean value can be found as follows. 
The probability that there are V perturbing particles in the volume V having an average 
space density m is 
1 
N! (mV) (21) 


Also, the probability that among these N particles there are m, with position vectors be- 
tween r, and r, + dra, nm» with position vectors between rm and r, + drs, etc., is 


nalts... 


N=n,+m+...= hes 


where 


V =dr+dn+...= 


and their contribution to exp iA@(t) would be 


Summing over all possible values for N, we obtain, for the statistical time mean value, 


(25) 


which becomes, after carrying out the summations and going over to the integral form, 


+a 
= exp mf ( —1)dr= (27) 


In this form the similarity between a(t) and D(p) (eq. [3]) is immediately apparent. 
Thus, 
a(t) = — (aCt)3/” (28) 


in which a is given by equation (8). 
Substituting this in equation (20), we have, therefore, 


+a 


8 Cf. Lindholm, Ark, Mat., Astr. och Fys., Vol. 28B, eqs. (6)-(7). 


| | 
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| 
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whence it is apparent that equation (29) must be identical with the Holtsmark distribu- 
tion (10), or 


J(w) =W(B). (30) 


THE TIME-DEPENDENT CASE 


We have now to carry out the calculations for the time-dependent case as represented 
by equation (19). It is to be expected that the final result will be a probability distribu- 
tion which is valid quite generally and which approaches the Holtsmark distribution in 
the one limiting case. 

To avoid undue complication of the equations at this stage, we shall introduce several 
approximations which should not seriously affect the nature of the result. First, as is cus- 


tomary, we shall postulate that the relative trajectory of a perturbing particle is a j 
o straight line with the distance of minimum approach denoted by p; thus 
re = (31) 


For v in these equations we shall always use, as does Lindholm, the mean relative speed @. 
Finally, since the magnitudes of the perturbations are continually changing during any 
arbitrarily small time interval, we should like to simplify the form (19) by replacing it 
with a perturbation of constant magnitude acting in the direction of p: 


(32) 


Since the total phase change produced by the perturbation (32) must be equal to the 
total phase change due to equation (19), we have, therefore,* 


otherwise 


T'(n-—1)/2 


V9 


(34) 


Thus the continually varying perturbations of infinite duration are replaced by constant 
ones of finite duration x. The question of determining the value of x which provides the 
best possible approximation of this type will be discussed in Section V, the condition on 
x being that the Holtsmark distribution be recovered in the statistical limit. 

The statistical time mean value exp 1A@(t), taking into account the collision times, 
may now be calculated as follows. The probability that there are N collisions taking place 


during an interval of time dt’ is 


where dt'/r is the average number of collisions in the interval dé’. The probability that 
among these there are m, collisions having collision parameters between p, and pa + dpa, 
np collisions with parameters between pp and + etc., is 


N! 


(36) 


9 See, e.g., Krogdahl, Ap. J., 105, 327, 1947, esp. ¥ 3. 


|| 
‘ 
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Ao;= = 
> 
i kK p kK p 
(33) 
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N= Nat nt... 
mR? = 29 (pad pat prdpot...). 


(37) 


Also, the probability that among the m, collisions of parameter p, there are ma, ; within 
the solid angle dw, having direction cosine 1, Ma, 2 within the solid angle du» of direction 


cosine pe, etc., is 
Nar 4a 4n 


Na = Nait 
= dw, t+ dwet+...; 


and the contribution of these collisions to exp 1A@(t) is 


exp 104 (Ma, it Ma, 


where 


0. = dx. 


Hence the mean value is given by 


... aR? mR? 


x Na! oa)" 2 ny! 
Nas 1!Nq, 2! eee 4n 4n Ny, 2! eee 4n 


X exp 10a (Ma, Ma, +) +70, (My, My, mot...) +... 


or 


dts 


7 Ll 


2m pad p dw, 
A6(t) — enat a a Qa 
Pa 


which becomes, on going over to the integral form, 


us 


aR? 


This expression is analogous to equation (27) above, with the integration over time now 


playing an important role. 
After performing the angular integrations, we are left with 


to 


| 
360 
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(40) 
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Finally, remembering that 1/7R?7 = m7 and letting R become infinite, we have 


A(t) = 1) dt’ , 


in which Q is, of course, a function of both p and ?’. 

Making use of equation (33), we are now in a position to carry out the integration 
over t’. The calculations are somewhat simplified by shifting the zero point of ¢’ by the 
substitution 
x dt!/=dv. (48) 
Thus, 


where now 
(50) 


To evaluate Q from equations (50) and (33), we must distinguish two cases, namely, 
t > xp/i and t < xp/d. For t < xp/i we have 


Upon substituting these values of Q in equation (49) and performing the various inte- 
grations over v, we find 


where 


1 See Jahnke and Emde, Funktionentafeln (Leipzig and Dover, 1943), p. 3. 
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a 
=0 
si 
Si(x) = dt. (54)10 
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With the changes of variable 
1/(n—1) 
and 


equation (53) becomes 


3/(n—1) z 
—A(s) (4S) I xdx \1 sin —x)+2x 


— x" Si + J xdx \(1 — sin =e — 2) 8 


+25 —2°Si 


The final intensity distribution is obtained by substituting equation (45) in equation 
(20). In polar co-ordinates this expression for the intensity distribution is 


1 foe) +1 
i(wy—w) A(t)p2 


or, after the angular integrations have been completed, 


= 55 


sin (ao —w)t d 
(wo —w)t 


Since the vector distribution is spherically symmetric, the scalar distribution is 


J (w) sin (wo —w) tdl 
0 


or, in terms of 3, 
2 
0 
where 
« 


Finally, with the expression for A (s) from equation (57), the intensity distribution be- 
COMES 


_2 o ogo ( 
== kf sin keds, 63) 


3/(n—1) 
(45) 
20 


A(z) = —hg(2z). (65) 


where 


and 


The question of the normalization of J (&) will be discussed in Section VI. Actually, 
equation (63) is correctly normalized in &. It is immediately apparent that this expres- 
sion is of exactly the same form as the Holtsmark distribution, but with a function ¢(z) 
now occurring in place of z*/". While equation (63) thus constitutes the formal solution 


xC 1/(n—1) K 
i= Ce =— $3 (56) 
20 
(58) 
4 
i : 
 &§ 
i 
(61) 
(62) 
| 
|| 
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to the problem, we should like to discuss tn some detail the distribution J (k) as a func- 
tion of # and k. To do this it is first necessary to know the properties of the function 
(3). 
IV. THE FUNCTION ¢(3) 
It is a fortunate circumstance that for the most important case, m = 2, the various 


terms of the function ¢(s) can either be integrated explicitly or expressed in terms of 
well-known and tabulated functions. We have, in general, 


yn—l 
sin 5) (5-2) +2x— x" 


= fo xds 


If in the first term we put x = 2!("") /y'/(""), and in the second « = (2s)”"/y!/", equa- 
tion (66) becomes 


o y-sin y 23/1) y-+sin y —2 Si y 
d dy 


yy (en F2)/m 


(66) 


(67) 


We shall for the moment confine the discussion to the case n = 2. For this case the ex- 
ponents in the denominators of the above integrals are either integral or half-integral, 
which means that all the terms can be reduced to sine and cosine terms, sine and cosine 
integrals, and Fresnel integrals. The final result of the calculations is 


© £80 2 
(68) 


The three integrals ike in this expression are tabulated." 
When s becomes very large, these integrals approach the following asymptotic forms: 


y dy (log y = 0.5772), 9 


© sin sin y 
-3! 
2/2 1/2 5/2 


Substituting these and the sine and cosine expansions in equation (68) and collecting 
terms, we find that, as s approches infinity, 


2) 32 log s+0.708642 + — 0.02667 (72)12 


4 Tbid., pp. 6 and 35. 


'2 Tt is of interest here to compare with Unsild, Vierleljahrssehr. d. Deutsch. Astr. Gesellsch., 78, 213 
1943, especially the discussion following eqs. (27) and (28). 


|| 
22/ (n—1) 
¢.(2) =——- 
n—1 
|_| 

4 


364 MARGARET K. KROGDAHL 


When z becomes very small, the necessary expansions are 


7 dy = 5 + 7) Sin 


z 


2/2 1/2 1/2 


and the expression for ¢ (%) as s approaches zero is, ort 


o(z 23/2 + (2.0313 3° sin — 


A 1 2 3 z 


Fic. 1.—The function @ (z) for »=2. The dashed curve is the asymptotic form for small s (eq. 76), 
while the dotted curve is the asymptotic form for large values of z (first three terms of eq. 72). 


In actual practice the function ¢(z) for all values of z less than 1 is extremely well ap- 
proximated by the term in s*/*. This is illustrated by Figure 1, which also shows that be- 
yond s = 1 the asymptotic form for large z gives quite a close approximation to ¢(s). 


The acta values of $(s) are listed in Table 1. 
For other values of » the actual calculation of ¢, (3) is not so easy, owing to the frac- 


tional powers appearing in the denominators in equation (67). However, it is relatively 
simple to find approximations for large and small values of s. Thus, when 3 approaches in- 


finity, we have 
23/(n-1) 


1 
$n (2) — (n— (y—sin y) 


(y+sin y — 2 Si +0 ( 


(77) 


‘ 
/ 
Y 
i 
j ¥ 
| 
! 
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or 
(n—1)(n—4) x 


Z 2 (4—n)/(n—1) 


x 


This formula is obviously not applicable to the case n = 2, for which the integrals in 
equation (77) are divergent, or, in fact, to any m < $. The apparent discontinuity here 
is, however, purely formal in nature and has no bearing on the physics of the problem. 
TABLE 1 
THE FUNCTION @,(3) 


SOON 


— 


Also, when s becomes very small, we have 


1 d 1 
tn (2) > (y — sin (28) 


re a (79) 
x f(y tsin Si 
+ periodic terms 


or 


Sn = 2(2-n)/n 


(2a)3/ 


n(n—2)e (80) 


(n+ ’ 


in which a is given by equation (8). In this case the analysis is also good for n = 2 (cf. 
eq. [76]). 
V. PROPERTIES OF THE INTENSITY DISTRIBUTION 


We are now in a position to discuss the properties of the intensity distribution (63) 
as a function of its two parameters, # and &. For large values of 4, that is, corresponding 
to large mean densities and/or very low temperatures, equation (63) should approach the 
Holtsmark distribution. Indeed, for large values of / it is only the small values of which 
contribute appreciably to the integral, so that, as 4 approaches infinity, 


J(k)—> sin keds. 


365 
(78) 

| 
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A comparison of this expression with the Holtsmark distribution (eqs. [12] and [16]) de- 
termines the correct value to be chosen for the constant « introduced in equation 33. 
Thus we have (cf. eqs. [14] and [15]) 


(82) 


F 
whence, finally, 
= (yx) 3 (83) 
Making use of equation (34), we have, for the most important cases, the following re- 
sults:® 


7 = 0.405; 


7y¥=0.381. 


For the case 2 = 3, equation (83) reduces to the identity cy = 2. In this case, equation 
(81) depends only on the ratio hk, which is independent of «. However, in practice, the 
continuity of the situation with should make it possible to determine the value for 
n = 3 by interpolation. Thus, since y29= 0.3979 and 73,1 = 0.3981, we should expect 
that y3 = 0.398, whence x3 = 5.02. 

Since for large values of / the distribution (63) does approach the holtsmark distribu- 
tion, it is frequently useful to make the change of variable. 


Expressed in terms of 8, equation (63) is 


2n/3 foe) 7 n/3 
0 


This is now correctly normalized in 8 (see Sec. VI). Thus, for large 4, we have 

0 


or, expanding in powers of 1/, 


> 2 —43/n 1 (47) n+2)/n 


This expression is now directly comparable with equation (17). Thus, for large values 
of h, the correction term which must, in general, be applied to the Holtsmark distribution 
is inversely proportional to h'("~)/%!, For the important case n = 2, equation (88) takes 
the form 


2 / 
y = —¢3/2 6 gj 
W,(B) af (1 0.0313 (2 ye! sin aaj Bidt. (89) 


1 4ah/3 


Since, in this case, at least the third power of / occurs in the denominator of the correc- 
tion term, it can be anticipated that for all values of i much greater than 1 the intensity 
distribution (86) will be very like the Holtsmark distribution, for all values of 8. That this 
is indeed the case is apparent from Figure 2. 


= 
Your, 
4 
(84) 
=4 
| 
| 
i 
é 
h n/3 
3 k 2aB. (85) 
& 
(86) 
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It is also easy to determine the behavior of W), (8) in the extreme wing of the line. For 
large values of 8 we may make the substitution 


(90) 


whence equation (86) becomes 


21 
7,(B) = £ hol y/ 2a) y sin ydy (1) 
or 
(8) Im (92) | 
If this is expanded in powers of 1/8 with the aid of equation (80) and integrated in the 
complex plane along the line 
y=i2, (93) 
then W),(8) takes the form 
3/n in 6/n (47) (n+2)/3 
Ws (8) ets singe * + (2a) 
(94) 
(n+2)/n (n + 2) 
This can be expressed in terms of the ’-functions, and the final result is 
W,(8) “+2)sin 5" +2)s sin 3 
(95) 
1 (4x) "42/35, (n+2)" 
+ ( + ) he “1/3 (2a) (n#+2)/n sin an +. 
In particular, for the case n = 2 we get 
21 3\ v2 
(96) 
11 4ah23B 


By comparing these expressions with the series expansion for the wing of the Holts- 
mark distribution,'* we see that the first term, at least, is always identical with the first 
term of the Holtsmark distribution. This means that the present probability distribution 
will always approach the Holtsmark distribution, no matter what value / has, provided 
that we consider large enough values of 8. As the correction terms are inversely propor- 
tional to #, the wing will approach the Holtsmark distribution faster for larger values of h. 
Since the first correction term is positive, the present intensity distribution is always . 
greater than the Holtsmark distribution for large 8. For the case m = 2 the expansion 
for W,, (8) agrees with the Holtsmark distribution to the first three terms, and the cor- 
rection term is very small for large values of h and 8. 

For small values of 8, however, the situation is quite different, and our probability 
distribution differs considerably from the Holtsmark distribution, the more so, the 


13 See Chandrasekhar, of. cit., eq. (34). 
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smaller the value of /. In general, using the form (63) and introducing the expressions 
for large and small 3, we should have 


1 / 
J (k) 2 k e hl b,2(n+2)/n+ sin ksdz 
“ (97) 
1 


in which, for simplicity, we have written a and 6 for the first two coefficients in equation 
(78). For small values of / and at the center of the line (k < 1), the first integral may be 
expanded in series: 


1 
0 


The second term can be integrated exactly, and its value is 
e—h(atb) 


sin k + h2a2+ hak? — k*) +k k( Rk? + h2a2+ 2ha)]. (99) 


When / and & are small, this reduces to 


2kha 
(h2a? + 2° 


2 sin = (100) 
1 

Combining terms, we find that for small / and near the center of the line the probability 
distribution becomes approximately 


which is very similar to the radial Cauchy distribution. Its maximum value occurs at 


= ha or, in terms of £, 


Thus, for n = 4, when / is small, the value of 8 at which the function attains a maximum 
is larger, the smaller the value of 4; although, when the distribution is expressed in terms 
of k, the displacement of the maximum decreases with diminishing h. For the case n = 3 
the expression (101) is of exactly the same form as the Holtsmark distribution; and in 
units of 8 the position of its maximum is independent of h, its value being $ as compared 
with 1 for the Holtsmark distribution. 

Equation (101) is, however, not valid for any m S 3, as then the function ¢ (z) is no 
longer linear for large values of , and the integral for large z cannot be evaluated ex- 
plicitly. However, one can in such cases obtain, for small # and k, the approximate ex- 
pressions which would be valid to either side of the maximum of J(&). Thus for n = 2 
we have, from equations (72) and (76), 

1 
0 1 
where c, a, and 6 stand for the first three coefficients in equation (72). For small # and k 


the first integral again has approximately the value k/3 (eq. [97]). The second integral 
may be rewritten in the form 


Im e—haztezlogz) gq , (104) 
1 


: 
| | 
| 
4 
4 
d 
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Integrating in the complex plane along the lines 


z= and 2=1p, (105) 


we obtain 


@ 


1 (106) 


/2 
+ if sin @—ha cos sin eik cos 6+ tha sin cos 6d 6 
0 


In= eketaheo/? sin(hap+hcp log p) pdp 


(107) 
+f sin cos cog (29+ (kcos 0—ha sin 0—hcé cos 0) dé. 


Expanded in powers of / and &, the integral in @ becomes 


0 9 


and the integral in p has approximately the value 


2ha+hc(3—2 log y— 2 log[k— chw/2]) 
(k—- /2)* 


(2a+3c—2¢ log y— 2c log k) 


provided that it is true that 


k>he 5=1.05h. (110) 


Combining terms, we find that, for small / and &, but & larger than h, 


4(1.3238— log k). as 


For small / and &, but when & is less than 4, we may expand the sine term in powers 
of k: 


in which the integral varies approximately as 1/h°. 

Thus we have the general result that for small # and k the probability distribution 
first increases approximately as k*/h* to a maximum and then decreases approximately 
as h/k*. In terms of 8 this means that W),(8) first increases approximately as 6?/h*-*"/3 
and then falls off nearly as 1/6°h"/)—, the maximum being in the region of B ~ h(-)/n, 

The time-dependent Holtsmark distribution is thus defined by equation (63) or, al- 
ternatively, by equation (86). Several of these distributions, for different values of the 
the parameter h, are illustrated in Figure 2, together with the distribution for h = ~, 
corresponding to the static case. The curves illustrate, in a general way, the various prop- 
erties of the function which have been discussed in the preceding paragraphs. Unfortu- 
nately, for the case n = 2, the actual expansions for large and small values of 4 and 8 
are of limited value for numerical computation. In this case a further relation which is 
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useful when / is not very small is obtained by subtracting out the Holtsmark distribu- 
tion: 


W,(B) ~W x (B) re. t, sin Bidt, (113) 


af? the integral being a relatively small correction term. 


3 6 


Fic. 2.—Time-dependent Holtsmark distributions for several values of h; case n=2. The solid curve 
corresponds to h= @, the static case. The dotted curve is for h=0.5, and the dashed curve for h=0.1/. 
The curve for h=/ lies about midway between those for h=0.5 and h= ~. The vertical marks on the 
B-axis indicate the positions of 8 for k= © and h=0.1. 


VI. NORMALIZATION OF THE PROBABILITY DISTRIBUTION AND 
CALCULATION OF ITS MOMENTS 
As has already been stated, our probability distribution (63) or (86) is properly nor- 
malized. To show this, we shall follow the procedure of Chandrasekhar.‘ Thus, from equa- 
tion (63) we have 


S(s)sin keds, 14) 


where 


S(z) = = (2) ( — 2hd’ — zh’), 
waz? 


whence we obtain, provided that 0 < p < 2, 
= dk= 


The integral, which has the form 


eel) 2he’ — sho” dz 


0 


(117) 


converges for all values of p satisfying the condition 0 < p < 3/n; for the integrand al- 
ways approaches zero at the upper limit of integration. And at the lower limit we have, 
from equation (80), 
(2a (2a)#*33—mn 


(2) (2a)*"3 PAG -n)/Ne 


w 
/ 
ONS: 
: 
ts 
i 
H My ~ 
| | 1 
dz e 
ge (116) 
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Thus the integrand approaches zero as 3{*-")/"-?, whence it is required that 
p-3/n+1<1 or p<3/n, (119) 


so that the new probability distribution possesses the same orders of moments as does 
the Holtsmark distribution. 
Finally, after integration by parts, equation (116) becomes 


(1 — ¥p) 
Accordingly, the function J(&) is properly normalized, since 


od 
= —hp — —hp = 


To have the distribution properly normalized in the variabie 8, we must multiply by 
(h/4m)"/52a, since 


—np/3 j 


For large values of 4, the moments of 8 must obviously approach those of the Holts- 
mark function. For sma: / we should have, in general, from equations (120), (78), and 
(80), 


Also, 


dz 


(124) 


The first integral can be readily evaluated with the aid of the exponential integral and 
the incomplete ['-functions. Thus, for small values of 4, we have 


( (1 —p), 0<p<i 


om Ex —log y —log ha, p=1 
1 
p 


gP 1 (ha)? 


The second integral can be expanded in powers of / and, for small, has the valuehK(n, p), 
where K is a function of x and p only. Combining terms, we find that, for small /, 


( (1 —p) 


2» kK (n, —ha log y—ha log ha 


ha (ha)? 
p-1 


In terms of 8, this means that the moments of order less than 1 vary as h?-"?/3 = fr(t—n/3) 
for small 4. For n > 3, therefore, they approach infinity as # approaches zero. For n = 3, 
the moments of order less than 1 are independent of 4 when / is small, and for n < 3 they 
decrease with /. The first- and higher-order moments, when they exist, vary as h!~"”/; 


r(2—p) J 


oP 
‘ 
7 ~ 
a 
(126) 
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that is, they approach zero for small /, since the exponent is always positive. To sum- 
marize, we have the result that, as 4 approaches zero, 


If n >3 , all existing moments except the Oth increase ; 
If n = 3 , all existing moments remain constant ; 


If n <3 , all existing moments except the Oth decrease . 


While the exact relations given above will not apply for values of » less than 3, the 
continuity of the physical situation makes it reasonable to expect that, for these cases 
also, all the existing moments must decrease when / is small. For the numerical computa- 
tion of the moments in the case n = 2 we may use the relation 


rG + ap) * 3 8 1/2 dz 
dz 


hg! 


2» 
(p+1) 15 )(i—2p/3) 


dz 


~ Wa 


(128) 


where x is some suitably chosen small number. Several of the first moments of 8 for the 
case n = 2 are also plotted in Figure 2. 


VIL. CONCLUDING REMARKS ON THE ASTROPHYSICAL SIGNIFICANCE OF THE RESULTS 


In equation (63) and Figure 2 we have found the answer to the physical problem 
discussed in Section I, namely, the way in which the Holtsmark distribution must be 
modified to take into account lower pressures and/or higher temperatures. As was ex- 
pected, toward the center of the line there is a deviation from the Holtsmark distribu- 
tion, which becomes more prominent with decreasing values of the parameter = 
2m m K(yKC/29)*/("-) and which has the effect, for 2 < 3, of shifting the region of maxi- 
mum probability toward smaller values of 8. Both the very small and the very large 
values of 8 become more probable, at the expense of the moderate values of 8. 

To see what the situation is likely to be for parameters of astrophysical interest, we 
shall consider a few specific cases. If we consider proton interactions, then the correct 
expression for / is 
nyC3 
’ 


BK=3.382 4% 10-4 (129) 


where the constant of interaction C is now expressed in atomic units. The appropriate 
values of C to be used in equation (129) have been found by Krogdahl ;’ and more recently 
Coulson and Gillam" have given the expression 


C= 3n(ki— ke), (130) 


where &; and & are the parabolic quantum numbers satisfying the relation 


14 Proc, R. Soc. Edinburgh, A, 52, 360, 1948. | 


| 
i 
: | 
J 
i 
(131) 


HYDROGEN LINES 373 


Since n? appears in the expression for C and since h involves C to the third power, it is 
apparent that /# must increase rapidly as one considers progressively higher series mem- 
bers, and the Holtsmark distribution thus becomes increasingly accurate.” 

For early-type stellar atmospheres, one may reasonably make the approximation that 
all the free electrons come from the ionization of hydrogen, so that the density of pro- 
tons, m, occurring in equation (129), may be put equal to the electron density m.. In 
other words, for stars with temperatures higher than about 7000°, where the ionization 
of hydrogen sets in, we would have 


3 3 
h = 3.382 X10-" = 2.452 x 108 PL (132) 


T5/2 
A good example of a star of this type is the BO star r Scorpii, for which Unséld" gives log 
pe = 3.07 and T = 28,150°. Using these values of the physical parameters and consider- 


ing all nonzero values of |C| from equation (130), we obtain the values for 4 shown in the 
accompanying tabulation. Thus, while many of the components of these lines have rea- 


0.47, 3.7, 13 
0.91, 7.3, 25, 58 
1.6, 13, 43, 101, 197 


sonably large values of #4 and approach what is generally understood by Holts- 
mark or Stark broadening, still it is evident that corrections should be made for many of 
the components of the first few Balmer lines. Another example is the AO dwarf Sirius, for 
which we adopt the values T = 10,000° and log p, > 2.25.' Since h varies as p./T*’, the 
values of / listed above should be increased by about a factor of 2 to apply at AO, where 
the hydrogen lines attain their maximum strength. 

For stars of lower temperature one might reasonably assume a solar-type model" in 
which the density of protons, 2, would be a function of the temperature and the hydro- 
gen-metal ratio 4. Thus it would be approximately true that, if , denotes the density 
of neutral hydrogen, 

(133) 


and 


log + log pe = log T—0.48=F(T), (134) 


whence 
log = F(T) —log (kT) +log A. (135) 


Thus, for the sun, using T = 5740° and log A = 3.8, we find log m = 12.91, and, finally, 
that the values of 4 which we have listed should be multiplied by a factor of about 0.29. 
In this case also, corrections must be made to the Holtsmark formula in the discussion 


of proton interactions. 
A further point of interest here is related to the absolute-magnitude effect in early- 
type stars. Since / is then proportional to ~,, which is, in turn, proportional to g'”, h 


6 Tt should, however, be pointed out that equation (130) becomes invalid for values of m so high that 
the distance of the perturbing particles approaches the separation of the hydrogen nucleus and electron. 

16 Zs. f. Ap., 21, 22, 1941. 

7B, Strémgren, Festschrift fiir Elis Stromgren (Copenhagen: E. Munksgaard, 1940). 
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should decrease in going from dwarf to giant. Such a decrease would require that appre- 
ciably different 8-distributions be used in the two cases, provided that # were not orig- 
inally too large. Accordingly, one might expect that the difference in the absorption co- 
efficients of dwarf and giant would be greater than if the Holtsmark distribution had been 
used to describe both cases. 

To be sure, the above remarks are limited to proton interactions only. While it is true 
that electrons are present in equal or greater numbers, it is only in the static case that 
they are equally as effective as protons in producing broadening. If their effect could be 
discussed by the present methods, the values of 4 involved would be even smaller, owing 
to the larger relative velocities; however, since it is not clear that electrons satisfy the 
Franck-Condon principle, recourse must be had to other methods."® 

In any case, the above calculations are rough and are intended only to show that the 
Holtsmark distribution must be modified in order properly to discuss the broadening of 
the lower lines of the Balmer series in stellar spectra. Further, the effects of the perturba- 
tion of the lower state and of the third- and higher-order terms in the perturbation have 
not been considered here. The actual application of the new probability distributions 
to the calculation of contours for the hydrogen lines will be discussed in a later paper. 


I wish to express my sincere thanks to Dr. S. Chandrasekhar for many helpful discus- 
sions of this problem. 


'S Rudkj@bing, Matematisk Tidsskrift, B, p. 161, 1945. 
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ABSTRACT 


Anharmonic pulsations of the homogeneous model and the model in which the density varies in- 
versely as the square of the distance from the center are considered. It is found that the overtones are 
absent in the homogeneous model and the skewness of the radial-velocity-curve is small. In the second 
model the effects of the overtones are alternately positive and negative and rapidly decreasing; and the 
total displacement gives a slight skewness in the direction opposite to that observed. This, combined 
with the result of a previous paper that a large skewness is obtained for the standard model, shows that 
the shape of the velocity-curve depends to a large extent on the model. 


I. INTRODUCTION 


The asymmetry of the observed radial-velocity-curves of cepheid variables is generally 
ascribed to the second-order effects of the radial oscillation of the star. The theory of 
anharmonic pulsations takes into consideration these second-order effects.' The results 
are only qualitative, in agreement with observation if modes other than the fundamental 
are disregarded.” But a quantitative agreement also is obtained if the higher modes are 
taken into.consideration. This has been shown recently by the author in a paper on the 
anharmonic pulsations of the standard model.’ 

It is found there that, for the standard model of the star, there is an indication that 
the skewness of the radial-velocity-curve may even exceed the observed values if the ef- 
fect of all the overtones is taken into account. Also there is no appreciable increase in the 
period due to the second-order terms, so that the period of oscillation predicted on the 
basis of the standard model is too far short of the observed periods. For both these rea- 
sons a model with lesser central condensation should give a better representation of the 
cepheid stars. 

Two such models which afford some facility in calculation are the homogeneous model 
and the model in which the density varies inversely as the square of the distance from 
the center.‘ The former has zero condensation, while the latter may be said to have lesser 
density condensation than the standard model,® even though the central density is in- 
finite. The anharmonic pulsations of these two models are treated in the present paper. 
It is found that quite different results are obtained on taking different models, which is 
contrary to the general belief.* Thus the skewness of the radial-velocity-curve may seri- 
ously restrict the model which represents the cepheid stars. 


1S. Rosseland, The Pulsation Theory of Variable Stars (Oxford: Oxford University Press, 1949), p. 95. 


2 A result to the contrary has been obtained by H. K. Sen (Ap. J., 107, 404, 1948); but his equation of 
motion, obtained for the surface of the star, is incorrect because in anharmonic pulsation the various 
modes cannot be separated linearly. 


3M.N. (in press). 
‘T. E. Sterne, M.N., 97, 582, 1937. 


5 In the standard model half the mass of the star is inclosed within 0.28 of the radius, while in the 
inverse-square model it is inclosed within 0.5 of the radius. Also see M.N., 109, 106, 1949, 


6S. Rosseland, M.N., 103, 243, 1943; P. L. Bhatnagar and D. S. Kothari, M.N., 104, 295, 1944. 
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II. EQUATIONS OF THE PROBLEM 
The exact equation of motion for radial adiabatic oscillations is’ 


where Po, po, and ro are the equilibrium values of pressure, density, and distance from 
the center; y is the ratio of the specific heats; and 7; is the relative displacement 
(r — ro)/ro. The primes denote differentiation with respect to ro. 

For infinitesimal amplitude, equation (1) gives a set of harmonic solutions with periods 
2/0, and amplitudes m,(ro); and for finite amplitude, we may expand 7; in terms of the 
n’s, and write 


n= > gx (t) , (2) 


where q’s are now functions of time, which are to be détermined. We shall take the y’s 
to be normalized to unity at the surface of the star. 

Substitute this value of 7; in equation (1) and expand the right-hand side in powers 
of q. Then, owing to orthogonality of the n-functions, equation (1) can be broken up into 
separate equations for the g’s by multiplying equation (1) by r§n. and integrating from 
the center to the boundary R of the star; and we obtain, up to second order, 


R 
h= poringd ro, 
1 4 R R 
R 


and i, j, and & take integral values from unity onward; J; and D;, are constants depend- 
ing on the stellar model, and 7 is a new time variable chosen so as to make the period 
of the fundamental mode equal to 27, for infinitesimal amplitude. Only the terms in- 
volving g; will be of importance on the right-hand side of equation (3); other terms are 


of higher order and may be neglected. 
Solutions of equation (3) are required, which are periodic with the same period for 


all modes. Thus we may write 
91 = + a; cos nt + a2 cos 2n7T+ a3 cos 3uT+..., (8.1) 
g2= bo + cos nt + be cos 2n7 + cos 3nT+..., (8.2) 
etc. The method of obtaining the constants do, dz, . . . , bo, b1, ba, ... , and in terms of 


a; has been given in the preceding paper.’ The terms are of ascending order, and three or 
four terms suffice to give a good approximation for each mode. 


7 Rosseland, The Pulsation Theory of Variable Stars, p. 97. 


(3) 
where 
} T=o1l, (4) 
k 
B b= =) (5) 
| 
6) 
: 
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III. HOMOGENEOUS MODEL 
We shall now evaluate the coefficients D,; for the homogeneous model. For this model 
the n’s, normalized to unity at the star’s surface, are given by® 


where x = 7o/R; and, in general, 


3 3 (3-14) 14) (J — 36) 
3(3-14) 
where 


= 2k(2k+5). 
It can be verified that the polynomials 7; can be expressed in the form 


(-1)* 1 
this value in we find that 
4 


xdx 
as m = 1 and n; = 0. Therefore 
1 d k 
k + — 
Constant «(-5) {a%+3(1 — x?)*} dx 


= Constant — x?)*} |= 0. 
0 


Thus the coefficients of gj in the equations for gz, g3, . . . , are zero, and equation (3) 
reduces to 
G2 + Bog2 = t+ (11.2) 
93 + B34s = - - (11.3) 
etc., where g stands for d°g,/dr? and A;, Cy, ..., are constants. A solution of these 
equations is 
q2= qg=---=0, 
with q; satisfying 
Qitq= Agi. (42) 


That there is no other solution periodic with the same period for all the modes can be 
proved from the uniqueness of such solutions.® This is in conformity with the result of 
Rosseland that a separable solution can be found for the homogeneous model.'° 


8 Sterne, op. cit., p. 586. 
9M. Schwarzschild and M. P. Savedoff, Ap. J., 109, 301, 1949. 
10 Rosseland, The Pulsation Theory of Variable Stars, p. 100. 


7 

‘ 

aA. 


378 CHANDRIKA PRASAD 


For the homogeneous model the constant A; = 3 for y = 3, and a solution of equa- 
tion (12), chosen so as to make the initial amplitude 0.06, is 


gi = 0.004904 + 0.05671 cos nz — 0.001648 cos 2x7 + 0.000035 cos 3n7 , (13) 


where 
n?=0.97552. 


The ratio, A, of the time of rise of the radial velocity from minimum to maximum to 
the total period is 0.46 for this curve. The increase in the period is 1.2 per cent. 


IV. INVERSE-SQUARE MODEL 


We shall now take the model in which the density varies inversely as the square of 
the distance. For this model! 


1 


. where x = ro R and p is the mean density. Putting these values in equations (3)-f7), 
we may write them thus: 


where 
n= f 
Din= (3-740 f ninimdx +3 (37-1) (1 — x?) 
0 


and 


c(c+3), 


c being given by 
-1], 


Also, for this model 


_ 0) 
c(c+3) 


1 Sterne, op. cit., p. 588. 


and 


| 
i 
(15) 
3 
(16) 
(17) 
(18) 
= (20) 
|_| 
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With this value of m4, it is easily found on repeatedly integrating by parts, that 
(3e+1) (3c+3) (3c4+5).. .(36+2k—1) (3e+2k+1)’ 


c(3c+1) | 
(2k—c)(3c+2k+3)1’ 


(22.1) 


x | 1+ 


(2¢+3)(3c+1)c¢ | 
(2k—c)(3c+2k4+3))’ 
(2—c)...(2k-—c) 
(3c+1)...(3¢+2k4+1) 


(2¢+3)(3c+1)c 
x [2e+14 


| 2¢4+1+4 


1 
f (1 — dx = — (—1)*e? 


The above formulae show that, for large , 
1 


Dy 


k 


and a slight consideration shows that the sign of this coefficient will be (—1)'*". 
It is also easy to evaluate /,4;. We have 


SJ 
x2+... 


+ 


Using equation (21) and integrating by parts, we find that all the terms are zero except 
the last one, and we obtain 


The coefficients D, ;. are not so easily obtained, but they can be worked out separately 
for different j and &. The differentia! equations of the first three modes are found to be, 
for y = 3, 


Git qi = 2.6869; +1.980 —0.6169193 , (26.1) 
5.914 = 1.888 26.52 7.5829195 , (26.2) 
gs + 13.9093 = — 0.867 59.98.9193 , (26.3) 


where g; = /d7’. 


. 
(22.3) 
(22.4) 
i 
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A solution of these equations, chosen so that :(0) = 0.06, is 

gi = 0.004460 + 0.05702 cos nz — 0.001499 cos 2n7 + 0.000017 cos 3ur 
+ 0.000001 cos , 

g2 = 0.000610 + 0.000611 cos nr +0.001706 cos 2n7—0.000371 cos 
+ 0.000029 cos 

gs = —0.000089 + 0.000005 cos nz —0.000112 cos 2n7+0.000085 cos 3n7 
— 0.000017 cos 47 , 


(27.3) 


where 
n?= 0.97697 . 


The total displacement, go, at the surface of the star will be 
gn = 0.004981 + 0.057636 cos nz + 0.000095 cos 2n7 — 0.000269 cos 
+ 0.000013 cos 4ur. 


(28) 


It is seen that the coefficient of cos 2n7 is positive, so that the radial-velocity-curve will 
show a slower rise and a steeper decline. For this curve K is 0.501, which is slightly great- 
er than 0.5. It may be noted from equations (27) that most of the effect of g2 is counter- 
balanced by the second-order terms in g;; it is only the residual effect which gives a slight 
skewness in the wrong direction; otherwise it would have been larger. 

A decrease in the value of y decreases the effect of the overtones, but there is no ap- 
preciable change, unless y is near the value 4. 


V. HIGHER MODES 


Looking at solutions (27), it may appear worth while to investigate the effect of high- 
er modes. The equation for qs is 


dat 24.9494 = 0.5957 — 4.331 gigo+ 21.98.9193 + 89.37 Gigs - (29) 

Neglecting the effect of gs on 41, g2, gs, a Solution of the equations would be 
gs = 0.000036 — 0.000002 cos nz + 0.000040 cos 2n7 — 0.000049 cos 3n7 
— 0.000002 cos 4n7 , 


(30) 


along with equations (27). It is seen that the coefficients in g4 are much less than those 
in gs, but the decrease would not be so rapid in further modes. 
The coefficient of cos 27 in gy is of the order of 


2 
24; Dix a. 


besides, it is alternately positive and negativd. So the series Yq; for displacement at the 
star’s surface is convergent and of the same order as q. It may be noted that the coef- 
ficient of gig: in equations (26) goes on increasing as we pass to the higher modes, just as 
in the case of the standard model. In fact, it can be shown that the predominant term in 


(27.1) 
(27.2) 
: ' 
| 
|| 
j 
i 
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But, as this coefficient occurs only in the third-order terms or as a fourth-order correc- 
tion, it does not affect the convergence or the order of Yq:. 

Applying the above results to our numerical solution, we see that the over-all effect 
of the higher modes would be to make the skewness of the radial-velocity-curve slightly 
larger than that due to the first three modes; and the skewness would be in the wrong 
direction. 

VI. CONCLUSIONS 


We have found that for the homogeneous model a small skewness in the velocity-curve 
is obtained, which is due to the self-coupling term only in the equation of the fundamen- 
tal mode; the overtones are absent in this model. For the model in which the density 
varies inversely as the square of the distance, the skewness is still smaller and in the di- 
rection opposite to that observed. This is due to the alternate sign of the second-order 
effects of successive modes. We also saw in a previous paper that for the standard model 
we get a considerable skewness because of the higher modes. 

Thus we find that the shape of the radial-velocity-curve depends to a large extent on 
the model chosen to represent the pulsating star. Vice versa, the shape of the observed 
radial-velocity-curve would give an indication of the model on which the cepheid stars 
are built. It appears that the model would be similar to a polytropic model with an index 
less than 3. 


Iam grateful to Professor E. A. Milne for his keen interest in the preparation of this 
paper. 
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POSITION AND DEVELOPMENT OF THE SOLAR’ FLARES 
OF MAY 8 AND 10, 1949 


HELEN W. Dopson 
McMath-Hulbert Observatory, University of Michigan 
Received August 8, 1949 


ABSTRACT 


This paper describes in detail the position and development of the solar flare of May 10, 1949. The 
underlying spots strongly influenced the pattern of flare material. Intensity-curves show that for most 
regions the increase in brightness was very sudden; the decline was slower and at such a rate as to suggest 
an exponential law. At maximum the brightest regions had four times the intensity of the undisturbed 
Ha disk. There was close correlation in the times of commencement and maximum of the flare and the 
accompanying radio-noise bursts on 480 Mc and 160 Mc. The flare of May 10 is compared to another 
flare that occurred in the same sunspot group on May 8. 


An active spot group in latitude 17° south crossed the central meridian on May 11, 
1949. Photographic records of two major flares in this area were secured at the McMath- 
Hulbert Observatory. The first flare was photographed through clouds on May 8 when 
the spot group was 38° east of the meridian. The record of the second flare, which oc- 
curred on May 10 at a meridian distance of only 12°, is one of the best records secured 
at this observatory. Both flares were accompanied by bursts of solar noise and by simul- 
taneous sudden ionospheric disturbances. Each was followed after an interval of approx- 
imately 12 hours by a protracted period of ionospheric storminess. About 34 hours after 
the flare of May 10, a great magnetic storm began.! 

The photographic records show that for the flares of May 8 and 10, 1949, the detailed 
position of the flare material was strongly influenced by the position of the underlying 
spots. On May 10, the initial brightening took place in two widely separated regions 
(4 and B of Fig. 1), relatively far from any spot and at the southeastern and south- 
western extremities of the flare. At the time of the sudden increase in intensity, addi- 
tional bright regions appeared directly over the two largest spot components. These re- 
gions spread outward toward smaller spots, to form a series of arcs. As the flare devel- 
oped, several of the arcs joined to form the ropelike structure characteristic of the later 
stages of the flare (Fig. 1). The most luminous portion of the flare (Region C, Fig. 1) lay 
directly over the second largest spot in the group. 

The two great arcs in the southeastern portion of the flare did not occur over spots. 
They lay along the edges of a well-defined dark filament (prominence in projection) and 
within the boundaries of the bright hydrogen plage. The apparent bifurcation of this 
portion of the flare, easily seen in Figure 2, coincided with the track of the filament. 

Three minutes after the great increase in intensity a bright ‘‘ejection” appeared in 
the central region of the flare and spread southward. It was of plage-, not flare-intensity 
and reached maximum development at about 2022™. The feature is clearly visible on 
the spectroheliogram for this time in Figure 2. 

Flares in the same active area tend to recur in the same location.’ Figure 3 shows the 
flare of May 8, superposed on the map of the flare of May 10. The shading is in different 
directions for the two outbursts, and the resulting cross-hatched areas indicate that the 
two phenomena were significantly alike in position and in curvature. 


' Data provided by Central Radio Propagation Laboratory of the National Bureau of Standards, 
Washington, D.C. 
* Helen W. Dodson and E. Ruth Hedeman, Ap. J,, 110, 242, 1949, 
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The flares on the two dates show a similar, small, outward spreading with time. In 
Figure 4 the location of the flare at the time of the initial outburst is shown in full line. 
Its position at subsequent times is indicated by dashed and dotted lines. In both cases 
there is a limbward displacement of the curved arms. This displacement is determined 
from the exact superposition of successive spectroheliograms and occurs simultaneously 
with the general diffusion of the flare material which is characteristic of the later stages 
of flares. The displacement can be interpreted either as a slow lateral spreading of a low- 
level phenomenon or as a change in the projected position of an elevated phenomenon 
due to increase in height. In either case the velocities required are less than 3 km/sec. 
One section of the flare of May 8 shows definite spreading toward the large sunspot. 


20°22” 2!" oo” 
N N 


Fic. 1.—Development of flare of May 10, 1949, against background of underlying spots 


Light-curves for four selected regions of the flare of May 10 are shown in Figure 5. 
(Their locations within the spot group are indicated by corresponding letters in Fig. 1.) 
The quantity plotted is the logarithm of the intensity of the flare in units of the undis- 
turbed Ha disk. At maximum intensity the brightest points of the flare were four times 
as bright as the normal Ha disk. It should be noted that these intensities refer to spec- 
troheliograms made with a constant slit-width of 0.36 A. Widening of the Ha line of the 
flare beyond this width is not reflected in the intensity measures here presented. 

About 15 minutes before the great increase in intensity, regions A and B began to 
brighten. Region C lay directly over one of the principal spots in the group; it was the 
most luminous portion of the flare and was still bright at the close of the observation, 
2220. The principal outburst started at 20°02™ and reached a maximum at 20°11". 
For most parts of the flare, the increase in brightness was very sudden, as is exemplified 
by Regions B, C, and D. In all cases the decline in intensity was slower than the rise, and 
the linearity of the latter portion of the curves suggests an exponential law. This agrees 
with the results obtained by Dr. Orren C. Mohler in a study of the flare of December 11, 
1946.* 

According to reports from the Central Radio Propagation Laboratory, bursts of solar 
radio noise on 480 Mc and 160 Mc began at 20"01™ and 20"00™4, respectively, and a sud- 
den ionospheric disturbance of almost 2 hours’ duration began at 20"02™. The time of 


3 Pub. A.S.P., 59, 266, 1947. 
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flare maximum, 20"11™, agrees within 1 minute with the reported times of maxima for 
the noise outbursts and ionospheric disturbance. 

The record of the flare of May 8 is less complete. The great increase in brightness was 
first observed at 15"28™; before the first flare had entirely subsided, a second was ob- 


Fic. 3.—Comparison of positions of flares of May 8, 1949 (lines slant up to right) and May 10, 1949 
(lines slant up to left). 


MAY 8,1949 MAY !0,1949 


Fic. 4.—Lateral spreading of flares of May 8 and May 10, 1949 


served at 1958". Radio noise records for this period, kindly sent to the author from 
L’Observatoire de Meudon, France, show that a strong noise burst began at 15"27™ and 
was at maximum between 16"10™ and 16"30™. Sudden ionospheric disturbances were 
observed in Washington at both 15"29™ and 19%55™,4 


* Central Radio Propagation Laboratory Bull. F58, p. 31, June, 1949. 
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MAY 10, 1949 


MAY 10, 1949 MAY II, 1949 


Fic. 2.—Ha spectroheliograms, showing development of flare of May 10, 1949, and comparison of 
region before and after the flare. 
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Although the flare of May 10 was large, very bright, and of long duration and was ac- 
companied by severe terrestrial disturbances, spectroheliograms taken before and after 
the occurrence show no marked changes in the region. (Compare the last two spectro- 
heliograms of Fig. 2.) The curved dark filament that was such a conspicuous feature of 
the region before the flare and whose trace was so clearly evice”’ durmg the flare was 
still strong and well defined on May 11. The filament in the ow: ht of the picture, 
however, disappeared sometime after May 10¢22"20™ and be» 141 5°20™. These 
events bear out previous observations that some filaments in of flares 


4 


l 1 1 1 1 
2roo" 22°00" 
Fic. 5.—Intensity-curves for four regions of flare of May 10, 1949. Location of each region is indi- 
cated by corresponding letter in the first section of Fig. 1. 


fi. 


have been observed to disappear, while others seem able to persist in spite of the proxim- 
ity of a great flare disturbance. It should be noted that the spot associated with Region 
C of the flare was not visible as a spot on Ha spectroheliograms obtained on May 10 but 
was Clearly visible as a spot on similar Ha spectroheliograms secured on May 11. In gen- 
eral, however, the great similarity of the spectroheliograms of the region before and after 
the flare of May 10 suggests that, from the solar point of view, the phenomenon was not 
a cataclysmic event. 


The author wishes to express her gratitude to the many colleagues whose assistance 
and co-operation have made this report possible. Dr. Robert R. McMath and Dr. Orren 
C. Mohler have constantly encouraged the author and have made possible the analysis 


5 Dodson and Hedeman, Joc. cit. 
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of the films through the design of instruments especially suited to the purpose. The iono- 
spheric and radio-noise data were made available through the kindness of the staff of the 
Central Radio Propagation Laboratory of the National Bureau of Standards, Washing- 
ton, D.C., and of M. d’Azambuja of L’Observatoire de Meudon, France. Films such as 
the one here studied are obtained only after days—sometimes months—of observation 
of numerous regions of the sun selected for study in the hope that such phenomena will 
occur. To the assistants in the observatory who have helped to carry out this observing 
program, the author wishes to express her appreciation. Finally, the author is indebted 
most especially to Miss E. Ruth Hedeman for her untiring assistance in the preparation 
of this paper. Sincere thanks are tendered to McGregor Fund of Detroit for continuing 
grants-in-aid in support of the work of the McMath-Hulbert Observatory. 
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SECOND SUPPLEMENT TO THE MOUNT WILSON CATALOGUE AND 
BIBLIOGRAPHY OF STARS OF CLASSES B AND A WHOSE. 
SPECTRA HAVE BRIGHT HYDROGEN LINES 


PAuL W. MERRILL AND Cora G. BURWELL 
Mount Wilson and Palomar Observatories 
Received August 1, 1949 


ABSTRACT 

This third section of the Mount Wilson Catalogue lists 422 Be stars in addition to 666 in previous 
sections. Brief notes on the spectra of many individual stars are given. A bibliography for the years 
1943-1948 is included, together with a partial list of shell stars. 


The Catalogue and Bibliography of Stars of Classes B and A Whose Spectra Have Bright 
Hydrogen Lines,' compiled in 1933, listed 416 bright-line stars, of which 6 (Nos. 411- 
416) have combination spectra. The Supplement to the Catalogue,’ published in 1943, 
brought the number up to 666. During the six years since the Supplement was prepared, 
391 additional bright-line stars of classes B and A have been discovered at Mount Wilson, 
and 31 have been reported from other observatories. Table 1 includes all recently dis- 
covered stars that in any way have come to our attention. This table, together with the 
original Catalogue and the first Supplement, should form a fairly complete list of the 
bright-line stars of classes B and A known on June 1, 1949. 

Hundreds of stars showing bright Ha on our recent objective-prism photographs have 
not found a place in Table 1. They include stars of types other than B and A as well as 
those whose types remain unknown. A list of these additional objects will be printed in 
a separate article. 

The recent objective-prism photographs have been obtained with a new 10-inch wide- 
angle lens of 52-inch focal length, designed by Dr. Frank E. Ross and constructed in the 
optical shop of the Mount Wilson Observatory by Mr. John S. Dalton. It is much like 
the old Cooke “‘Astrographic”’ lens, except that it is corrected for red and yellow light in- 
stead of for violet. The specifications were that it have good definition and a flat field at 
Ha and that the back focus through the red and yellow be the same as that for Ha. 
Thanks to Dr. Ross and Mr. Dalton, the lens has performed in a most satisfactory way. 
The definition near the optical axis is excellent; the D lines and Ha appear to have identi- 
cal back foci; and the spectra are useful over a field about 16° in diameter. ' 

With the new lens, the 15° prism used throughout the whole program yields a linear 
dispersion’ at Ha of 385 A/mm. Most of the recent photographs have been on flat glass 
plates 15 inches square, emulsion 103a-E, exposure-time 90 minutes. The average width 
of the spectrum was 0.65 mm. A thin gelatin filter, Eastman 234A, just in front of the 
plateholder, cut off the spectrum shortward from \ 5600. The usual development was in 
D19 for four minutes at 66° F. A portion of a typical photograph, enlarged 7.4 times, is 
shown in Figure 1. 

The 10-inch telescope is now in Bloemfontein, South Africa, on loan to the University 
of Michigan, where it is being used by Mr. Karl G. Henize to extend the Ha survey over 
the southern loop of the Milky Way. 


1 Merrill and Burwell, Mt. W. Contr., No. 471; Ap. J., 78, 87, 1933. 
? Merrill and Burwell, Mt. W. Contr., No. 682; Ap. J., 98, 153, 1943. 
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TABLE 1 


STARS OF CLASSES B AND A WHOSE SPECTRA HAVE BRIGHT HYDROGEN LINES 
(Second Supplement) 


R 


+ 62°31’ 
+5217 
+63 52 
+55 6 


+51 7 
+61 54 
+52 48 
+63 30 
+63 35 


+66 13 


.| HD 2063 
BD+ 63°48 
HD 232207 


.| HD 232214 
BD+61°122 
.-| BD+52°131 
.| MHa 295-109 
BD+ 63°82 


.| BD+65°91 

..| MHa 295-102 
.| MHa 3-10 

BD-+ 60°114 

BD+ 69°48 


-| MHa 295-100 
.| BD+66°83 
HD 237011 
BD+62°196 
MHa 295-43 


(BD+ 56°251) 
...| BD+56°259 

-| HD 236737 
BD+55°334 
BD+58°247 


MHa 295-86 
HD 236794 

BD+ 61°302 
BD + 60°307 
BD-+ 62°294 


BD+58°277 
BD+63°225 
BD+60°332A 
HD 236862 
BD-+ 60°340 


BD+59°343 
BD+55°521 
BD+63°300 
.| MHa 237-30 
HD 13256 
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HD 13590 
... HD 13669 

(BD+459°465) 
MHa 343-85 
BD+ 56°579 


ae 


— — 


ne 


B(8)ne 


Bine 
| 
| Ble | 
| BO)e | 
| 


S 


..| Oost. 2566 
..| MHa 5-34 
.. BD+56°612 
..| MHa 5-55 
..| MHa 5-73 


| | | | First | Last 
RA. | Dee. Obj.-Pr.| Slit 
| | | | Mo.) | Mo.) 
667 | 45-11 | 49-7 
668 46- 8 | 48-12 
669 45-9 | 46-10 
670 45-9 | 47- 8 
671 | | 46-8 | 48-12 
: 672 | 46-8 | 47-11 
673 | 46-8 | 48- 8 
674 46- 8 | 48-11 
675 | 46-9 | 48-12 2 
676. 46-9 | 47-8 
677. 46- 8 | 48-12 
678. 38-11 | 46-10 
679. | | 45-9] 47-7 
680. | | 46-7 | 48-1 
681... 45-9 | 48-10 
682... | 45-9 | 48-7 
683. . | 45-9]...... 
684... | “| 45-9 | 48. 8 
685. | 45-9 | 48-10 
686 | 45-9 | 48. 8 
687 | | 46-8 | 48-8 
688 38-11 | 48- 9 7 
689 45-10 | 48-7 
690 46- 8 | 48-7 
691... 45-9 | 48- 8 
: 692... 45-10 | 48- 8 
693... | 45-9 | 48-8 
694... 46- 8 | 48- 8 
2 695... 28- 8 | 48-8 
696... 46- 8 | 48-9 
697. ..| | | 26-11 | 48 8 
; 698... 46-9) 48-11 
699...) | | 45-10 | 48-10 
700. ..| | | 45-9 | 48-11 
| 
701.5 |s | 3811 | 48-9 
702... | | BGS)e | s | 38-11 | 46-10 
703. . | BO)e |s | 45:9) 48-8 
704. . Be s | 45-9) 45-11 
705... | | B3e | m | 30-10 | 48- 8 
706. | 45-9 | 28-12 
707. B3e |s | 45-10 | 48-12 
708 . Be s! | 3811 | 47-1 
709. | | s! | 45-9 | 48-1 
710. | | 38-11 | 47-1 
| | | 
711. 
712 10 m | 3841 | 47-1 
713. | 9.6 s | 38-41 | 47-9 
714 10 s | 38-11 | 46-10 
715. m 38-41) 46-12 
388 


Fic. 1.—The double cluster in Perseus; portion of a typical objective-prism photograph with the 
10-inch telescope. Taken by W. C. Miller on August 16, 1947, exposure 90 minutes. The bright Ha ° 
line appears at the right end of a number of spectra; the dark D lines of sodium may be seen near the 
left end of a few K-type spectra. 
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...| MHa 5-64 
.| HD 15963 
BD+60°523 
..| HD 237006 
.| HD 237056 


-| HD 18877 

RX Cas 

-| HD 20340 

..| HD 20566 
.| HD 20899 


..| BD+58°610 
HD 21641 

| (BD+ 29°611) 
BD-+ 38°826 
HD 26775 
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= 


co S 


COS 


+1 
COW 


..| RW Per 
-| HD 29373 
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‘| BD+43°1048 


HD 30123 
HD 30280 
HD 30353 
RS Cep 
MHa 259-21 


.| MHa 6-56 
BD-+ 44°1072 
BD+41°1026 
BD+ 36°986 
HD 32358 


BD-+ 34°945 
BD+38°1023 
MHa 6-39 
BD+36°1012 
HD 33051 


HD 241570 

HD 34302 

BD-+ 37°1165 

MHa 129-31 
.| HD 243770 


-| HD 35800 
..| HD 36012 
.| HD 36112 
..| HD 244524 
.| HD 36376 


..| HD 244894 
..| HD 36858 

.| T Ori 
HD 245493 
BD—6°1253 
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NR nw Om 
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| | | | | First | Last 

| R.A. Dec. | Obj.-Pr.| Slit 

MWC Star 1900 1900 l b Mag. Type | (vr. (Yr., 

| | | ae * | Mo.) | Mo.) ) 
716 | | B(3)e | s! | 38-11 | 48-12 

717 | Apea |w | 30-10)| 48-8 
718 | |s | 45-9) 48 8 
719 Ape s 30-10 | 48-10 sold 

720 | 40-11 45-11 
721. | 30-10 | 46-11 
724. 20-9 | 47-10 
725. | 30-10 |...... 
726. | | 30-10 | 47-1 
727. 44-10 | 45-1 
728. | 46-9 | 48-9 
729. | | 46-9! 48-9 
730. | | | 45- 47-12 
734. B5e | m | 38-10) 43-10 
735... m | 38-10| 39-11 
| | | 
736.. | B9e | s! | 469} 48-10 i 

739... m | Ae 

740... B(3)e | s 45-12 | 46- 1 
741.5 B3e | m | 38-11 | 43-10 
742. Ble s | 38-10) 47-1 
743. | | | 38-10 | 42-11 
744. | st! | 469! 48-1 

745.0 | m | 46 8 | 481 
746... | Be |m | 4011 | 47-9 
747. ..| _B5ne | s! 38-10 | 48- 1 1 
748... | B8e 38-11 | 43-12 

749... | Bse | 46- 9) 47-9 
750. . Bde jw | 469)...... 
| | 
| 751 Om +21 52 | 150, BSne | 46-9 | 48-9 
752 +37 33 | 137 B8e 44-10 47-10 
5 753 16m | +37 37 | 138 | |Be | 38-11 | 48-10 a 
754 20 | +36 3 | 140 40-11 | 43-12 
755 21) +33 32 | 142) | B3e | 
7 736. 22M | +37 42 | 138 | | AOe | | 46- 8 | 47-10 = 
757. 23M +2 169) BSe 45-10 |...... 
758. 24 | +25 16 | 149 | A3e 45-10 | 47-2 om 
759. 2s | +10 56 | 161 AOe 45-10  46- 2 
760. 26.2} + 9 9 | 163 | | B8e | 45-10 |...... 
761. 28.3 | +27 31 | 148 | m 
762. 29.6 | +36 20 | 140 | laze | 468 
763 30.9 | — 5 32 | 177 | 
764. 31.3 | +33 54 | 143 | | 40-11 | 45-12 
765, 47 | 178° 
| 
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HD 245672 
.| HD 37352 
HD 37365 
HD 37541 
HD 246338 


HD 246579 
HD 37998 
HD 38116 
HD 247037 
HD 247221 


HD 247525 
HD 248060 
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HD 39018 
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MHa 178-28 
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HD 249417 
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MHa 252-25 
HD 42406 
HD 253084 
HD 42529 
HD 253215 


HD 253659 
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HD 46056 
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| | | | | | e | First | Last 
MWC Star | | | | | | Bee. | 
766... 151° |s | 40-41 47-1 
| 767. | 32H +30 6 | 146 | AOe | m | 40-11 45-12 
768... 33 +39 50 | 138 | A2e w 
769... | 349M +17 38) 157 | | B9e | w | 45-10 | 48-10 
770... $29 28 | 147 | B3e |m | 40-11 | 47-4 
71... +53 23 | | Boe |m | 46-1]...... 
| +25 15 | 151 | s 40-11 | 45-1 
3! +28 50 | 148 | | | m | 46-1 | 47-3 
774... 432 58) 144, | | m | 
+18 57 156 | | | m | 45-10 |...... 
| | | | | 
776... 42021 1500 | | m | 40-11 48-1 
+14 23 161 | | | B3ne 44-10 45-12 
| 42352 152 | Bpe 40-11 | 47-1 
779... +18 0 158 | | B9e w | 45-10} 49-2 
780... | 45M +26 24 | 151 | BSe | s 40-11 | 48-12 
| | | 
781... 459M | +28 14 | | Ape m | 40-11 | 48-12 
47MM) +17 45 | 158 1 | Be 44-10 | 46-10 
| 783... | +13 49 162 |s | 4410) 45-11 
784... SOM +3047 147 B8e 45-10 |...... 
| +3012 148 m | 46-1)...... 
786... | 5 +25 6 | 153 | Bae jm | 
ig 787... | 5 +12 1 | 164 | jw | 45-10]...... 
f 788... | 5 559) +10 13 | 166 
789... | 5 +16 30 | 160 | | 4410) 46 2 
790... 6 1M) +3011 | 149 | |Be s! 45-10 | 46-1 
791... | 6 +23 6 | 155 | Be s! | 45-10) 46-1 
792... | 6 SHB + 354 | 173 |B5ne | m | 4-10 46-1 
5 +14 16 | 163 | B5e 44-10 |...... 
794... | 6 +33 0| 147 | | Bone | m | 45-10) 47-2 
795... | 6 +20 2) 158 | | Be | s | 45-10 49-3 
i 796... +16 33 | 162 | | Boe |m | 44-10/ 46-2 
797... | 6 OM +29 16) 151 B5e | s | 45-10) 47-3 
i 798... +11 14 | 167 | Be m | 45-10]...... 
799... | 612M) +23 3 | 157 B3ne | m | 45-10}...... 
800... | 6 12MM 421 23 | 158 | Be 45-10 | 49- 2 
| 
| 6 13M +18 24 | 161 Be | s! | 45-10/ 48-10 
802. ..| HD 44080 6 149M —12 29 | 188 | | B9e m= | 40-11 | 49- 2 
803...) HD 44351 «6 10M. +14 21 | 105 | | s | 39-2 40-10 
804. ..| HD 44674 | 6 17MM +25 28 | 155 | 
= | 6 18MM | +10 39 | 168 | | | Be | 45-10 
806... 6 10M! +20 |Be |s! | 46-2 | 47-1 
807... 6 21 162 | | B9e | 46-2)...... 
808... 6 26 4) 174 | ' BOe <'s 
809. ..| 6 26 4 | 173 | | B8e 
810. ..| 6 28 6 171 B5 m 45-12 
| 
6 29. 2|176| | Be | 40-2/ 46-5 
812...) 6 29. 0 | 160) + | 46-1)...... 
B13... 6.32. 6 | 190 | — | Ble | 45-2)...... 
| 6 32. 4} + | B3e m | 39-12 | 46-2 
815...| 8} | Be 
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HD 50169 
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HD 50424 


HD 50737 
HD 50820 
HD 50891 


HD 266894 


HD 51285 


HD 51404 
HD 52597 
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HD 53032 
HD 53067 


HD 54464 


‘| HD 54786 


HD 54858 
HD 55806 
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(HD 57910) 


MHa 62-48 


HD 59809 


MHa 62-52 
HD 60307 
HD 60757 
HD 61224 
HD 63150 


HD 63359 
HD 63804 
HD 64566 
HD 67632 
HD 69425 
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BS “5 <4 
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Int. 
| He | Mo.) | Mo.) 
817... Ae 39-12 
818... B3e 4512 
819... Bep 45-12 | 47-1 
820... B9e MAE 
821. Be 40-2 | 46-2 a 
822.. B9e 40-11 | 49- 2 
823... A2pe 40- 2 | 47-1 
824... B9e 46-1]...... 
825... 39-1 | 48-12 
826... Be 40-11 |...... 
827... B3pe 46-2 | 48-1 
829. Be 30-12 
0. | B3e 40-11 
831... B9e 46-1 | 46-2 
sa... B(S)e 40-11 | 48- 3 
833... B(5)e 39-12 | 48-1 
834... AOe 46-1 | 48-1 
835... BOe 46- i | 48-3 
836... BSe 46-1 | 47-2 
837. Be 45-12 | 46- 2 - 
838... | Ade 39-12 | 47- 2 
839... 39-1 | 47-2 
840. Bde 46-1 | 49-2 oa 
| 
BSe |s | 40-11 ]...... 
843. ..| HD 59319 | B9e | s | 45-2 | 46-10 
844. | Be |s | 39-12] 47-2 
845. | Ale | m | 39-12]...... 
846... | Be 39-12 | 47-1 
847... B(3)e 39-12 | 49- 4 
848. B5e 46-1 | 48-3 
| | 45-1 | 47-11 
sit... | —26 27 | 211 | | Be |, 
853....| | 45-2 | 47-1 
856... —36 32 | 223 | +1 | BYe 
857... ~12 26 | 203 | +15 B(3)e 45-1 | 47-11 
858. —34 36 | 222| + 3 B8e 
859. 458 22 | 124 | +44 48-1 | 48-12 
860. —25 55 | 246 | +32 | Ase 
} 
861. | +52 25 | 72 | +64 | 
862. | Boe | 45-5 | 47-7 
863. | Ale |w | 47-6]...... 
Be st | 45-5 | 48-4 
865... | Pec |s! | 45-5) 48-8 
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HD 153708 
HD 153977 
HD 154040 
HD 154165 
CD—30°13795 


HD 154911 
HD 155349 
CD—40°11253 
HD 155896 
CD—37°11439 


HD 157099 

.| CD—38°11806 
CD—38°11837 

HD 157869 

(HD 159071) 


HD 159546 
BD—22°4376 
..| HD 159845 

| HD 159848 
HD 160886 


CD—32°13309 
HD 161543 
CD—30°14724 
CD —28°13607 
HD 161774 


CD—28°13624 
HD 162352 
HD 162568 
HD 163179 
HD 163453 


HD 163689 
HD 163703 
HD 163727 
HD 163848 
HD 164246 
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NENOW 
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CD—25°12608 
HD 164533 
HD 164703 
HD 164797 

CD—23°13851 
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HD 164950 
HD 165517 
HD 165952 
HD 165970 
HD 166345 


HD 166629 
HD 166967 
HD 167775 
HD 167794 
HD 168056 
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wmoone 


00 


| Dec. | <6 | Type | Br't. (Yr., (Yr., 
MWC | Star | 1900 | 1900 | | | | Mo.) | Mo.) 
16 57.6 | —24 41 | 326 | 1 | 
16 57.9 | BYe 46- 6 
16 58.7 | — | | 40-6] 47- 
| | s! | 40-8} 48- 
| 3.2 —38 30 | 316 40-8 48-5 
17, 5.9| —32 2| 321 [st | 4&5] 48-6 
8.3 | -40 13 315 | | ae 
17 9.2 | —42 14 | 313 | |Be |s | 45-5] 48 6 
874...| 17 10.6 40 | 317 | | | 
877. |Be |s! | 40-8] 48 6 
| 117 | 
(17 | 47-5 | 48-4 
4 881. | | 
7 882 17 | B8e w | 39- 7 | 48- 6 
883. | | BSe 45-5 )...... 
885 | | | 48- 6 
| 40- : 
17 40mm | --32 35 | 325 | | 47-81 48-6 
| (17 41) 1 6 | 352 | st | 468 48-8 
889... | | 30 | 324 | | 
| 890... .| | 48- 5 
| 17 42.6 —28 57 | 328 | 
891. ..| 17 45.3 —37 43 | 321 | 4 
892... | 17 46.5 | —42 53 | 316 | 47-5 | 48-7 | 
893. ..| 17 49.7 | —23 6 | 
117 51.1, —28 14 | 330 
895... | | 
17 52.3 | —36 39 | 322 | 47-5 | 48-7 
897... | 17 $2.5 | —38 12 | 321| | 40- 8 | 48-8 
898... 147 53.2 | }°337 
899. ..| 1 17 55.1 | —39 39 | 320 | = | 
900... | | | 30-7) 48-7 
; | 17 $6.4 | —25 42 | 332 | - 
oot 56.5 —19 36 | 338 | 30.7 | 48. 4 
902 | 17 57.3 | —22 18 | 335 | — 
| 17 57.7 | —27 45 | 331 | — | 39-7 | 46-7 
o08 | 17 58.2 | —23 28 | 334] — 
| 17 58.5 | —26 332) 
906... | | 18 |: 7) = | 46 8 | 48-7 
907. ..| 18 3.3 | —26 21 | 333) 
909... | | 18 5.1) —32 26 | 327 | 
| 18 6.4 | —27 10 | 332 | 40-8 | 47-7 
48 79 | 20 | 334 | 45- 48- 6 
118 11.6 —29 18 | 331 
913... 38 14-7 | 37 | 399 40-8 |...... 
18 12.8 | -28 16 | 332 | | | | | 


TABLE 1—Continued 


First | Last 
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18129 | —13°49'| 345° 
—38 51 | 


BD— 13°4936 3. ~13 59 | 
HD 168251 —32 23 
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HD 168331 0] —25 0 


5°4630 6] °3! 


3524538 


(HD 168897) 
HD 169142 


(BD—9°4713) 
HD 167273 
BD—14°5037 
HD 169587 
MHa 369-3 


BD —14°5047 
BD—14°5055 
HD 170146 
HD 170638 
BD—19°5044 


HD 170763 
HD 171032 
HD 171219 
F4-19 

HD 171469 


MHa 204-84 
HD 171754 
-| HD 171757 
HD 172030 
HD 172122 


HD 172158 
HD 172252 
BD—4°4534 
BD—13°5073 
BD— 13°5074 


HD 172579 

HD 173010 

MHa 345-33 
HD 173208 

HD 173292 


HD 173371 
MHa 152-1 
HD 173530 
BD—15°5090 
MHa 204-22 


HD 173817 
HD 173938 
Pav 
BD—9°4858 
HD 174612 


_ 

Sr 


CUP RS S SNE, 


“IRS ovo 


os 


| | Mo.) | Mo.) 
917...) HD 168144 | -12| 9m | B&e |m | 47-5|...... 
918... R45; — 9M | .Be 43-4 | 43-7 
919... B28 | —10| 8 i= 1 |... 
920... 35/-—6| 9M | BSe |s | 40-8] 48 4 
21...| + 46-9 | 48- 6 
922...) F1-20 5.0, 4) 346| — 1] 43-4 | 45-5 
923...) HD 168709 18 16.0 | —24 57 | 335) 7 
924... 18 17.0| —17 30 | 342| — 3| 43-7 | 49- 6 
| 
926... 18 18.4) 057 340 43-4 | 47-7 
927... 18 1 43-7 | 47-8 
928... 18 1° 46- 8 | 48-7 
929... 18 2 
930... 18 21 45- 6 | 48- 6 
931... 18 21 43-4 | 47-7 
932... 18 21 B3e | st | 43-4] 47-7 
933. 18 22 | Boe 
934. ..| 18 25 | BSe |w | 47-6] 48 6 
935... 18 25 |B3e |s | 45-6| 47-7 iat 
936... 18 26 Ade | m | 43-7] 47-5 : 
937... 18 27 | m | 45-7] 48 6 
938... 18 28 B8e |w | 39-8)...... a 
939... 18 28 |Bep | 43-7] 45-7 
940... 18 29 | Ble |m | 43-7] 47-8 . 
941... 18 31 | Be s! | 45-6] 48-9 a 
942. 18 31 | B8e | m | 45-6] 48-9 
943... 18 31 | B2e s 40- 6 | 47- 6 a 
O44. 18 32 | Ade |w | 47-6]...... — 
945... 18 33 A2e w i 
946... | 18 3 | | s | 45-7] 47-5 
=. 18 34 | BOe s! 43- 7 | 47-5 
948... | 18 34 \(B)e m | 46-9} 48-9 
949... 35 |B3e |s | 43-7) 47-7 
950... | 18 35 | Be | m | 45- 47-9 
| 
O51... 18 35m | —39 23 | 324 | | | 47-5]...... 
952.. 18 38MM | — 9 26) 351 | | m | 45-6 | 47-5 
953. | 18 | — 3 54 | 356 | BOe |s | 469! 47-8 
954... | 18 309M | —28 13 | 335 B8e iw | 47-6]...... 
955..3 18 309 +11 6 350 | B3e ls 46- 8 | 48- 6 
956... 18 309 | — 029) 0 B8e ‘| m | 45-9} 47-7 
957... 18 40 | —23 33 | 339 
958...| 18 40M} +429) 4 B9e | 49-6 
959... 18 41MM | —15 6 | | Be s | 43-7] 47-5 
960... —20 12 | 342 | | Be s! | 45-6]...... 
| 
961... 18 + 230) 2) B8e |m | 20-8) 46 3 
962... 18 439%) —12 25 | 349 | B8e js | 43-7| 47-5 
963... 18 439M | —62 18 | 300 | 
964... 18 — 9 57 | 352 | | Ble |s | 31-6! 47-7 
965... 18 7 339 | | m 45-7 
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HD 174652 "4 | —20°26’| 342° 
HD 174705 350 
HD 174775 
BD—3°4416 
HD 175551 


HD 176159 
HD 176744 
HD 177291 
HD 177395 
HD 230579 


HD 177427 
HD 178515 
HD 179343 
HD 230909 
HD 181231 


HD 181308 
HD 181367 
HD 231193 
HD 181709 
BD-+ 30°3526 


BD+4°4082 
WW Vul 

HD 183656 
HD 231745 
HD 184203 


BD-+ 29°3660 
MHa 215-39 
BD-+ 22°3778 
BD-+ 17°4100 
HD 225985 


MHa 215-21 
HD 226857 
HD 190150 
HD 227319 
HD 190467 
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HD 191378 
BD+ 35°3986 
HD 192019 
BD+31°3996 
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HD 228481 
HD 1920637 
VW Cyg 

HD228707 
HD 228766 


(BD + 29°3982) 
HD 228827 
FHa 3-39 
HD 229059 
MHa 148-26 
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MWC | Star | 1900 | | | | ype | 
| | | Mo.) | Mo.) 
966... B9e 27-6 | 47-7 
967... B3e 45-6 | 47-7 
968... | B8e 48-7 | 47-7 
/ 969... Be 47-6 | 48-10 
970... AOe 45-7 | 47-7 
971... | 18 B9e 47-6 | 48-7 
972... 18 5 B8e 45-6 | 47-7 
973...| 18 5! B8e 45-6 | 47-6 
974...| 18 54 Ae 
975. 18 5 B3e 40- 6 | 45- 6 
976...| 18 5 B8e 47- 6 | 48- 6 
977. 19 B9e 47-6 | 48- 6 
978... 19 Ae 45-9 | 47-7 
979... 19 B5e 45-9 | 48-8 
980... 19 1 45-9 | 47-8 
19 1 45-9 | 47-10 
982. ..| 19 13 45- 9 | 47-10 
983. ..| 19 1¢ 
984... | 19 40-6 | 47-7 
19 17 40-8 | 49- 4 
986. ..| 19 17 40- 6 | 47-9 
O87. 19 21 45-9 | 43-5 
988... .| 19 25 29-7 | 49-6 
989... 19 28 45-9 | 47-10 
990... 19 28 46-9 | 47-8 
991. _| 19 32 40-9 | 47-11 
902... 19 36 45-9 | 47-7 
993. 19 38 45-9 | 47-7 
904... 19 43 45-9 | 47-11 
: 905... | 19 45 40-9 | 47-7 
996...| 48 45-9 | 48-7 
907...) 19 54 
998... | 19 58 45-9 | 47-4 
19 59 40- 8 | 49- 5 
20-0 48- 9 
| 
1002...) 20 4 Ade s | 44-7] 48-9 
1003... | 20 5 | B(O)e | s 47-8 | 48-8 
1004. ..| 20 7 B9e m | 45-9] 48-9 
1005. 20 oO | | Be s | 45-11 | 48-8 
1006... 20 10m | +39 38 | 45 | B9e s | 447] 48-9 
1007... 20 | +44 46| 49 | B9e m | 46-8 | 48-12 
1008. ..| 20 11 | +3412! 40 
1009. ..| 20 13M | +36 12| 42 | Ae 
1010. 20 13M | +37 0| 43 | Be fw | 
1011... 20 14.1 | +30 7} 37 B8e 45-11 | 48- 8 
1012. ..| 20 14.6 | +41 2] 46 Be w 
1013. ..| 20 15.8 | +36 58} 43 | B3e |s | 44-7] 48-8 
1014. ..| 20 17.5 | +37 5| 43 Be s | 40-6] 48-6 
1015. 20 17.8 | +37 6| 43 | B3e s | 44-7] 48-9 
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1900 | 


...| HD 229239 m4 | +38° 11’ 
..| HD 194839 , +41 3 
.| MHa 76-41 .7 | +37 20 

.| 1 Del , +10 34 

HD 195358 +19 § 


MHa 76-36 : +41 20 
BD+46°2948 .1 | +46 19 
BD+47°3129 -3 | +47 31 
W Del 33. +17 56 
(BD+ 47°3148) 34. +47 21 


HD 197419 38.4 | +35 5 
HD 197434 ; +53 51 
BD+50°3180 .8 | +50 37 
MHa 76-49 +42 11 
MHa 255-8 9 | +44 34 


BD-+ 44°3594 +45 3 
HD 198931 +44 3 
HD 239510 +56 41 
BD-+ 46°3087 +46 19 
BD+47°3231 +47 26 


MHa 235-10 +38 36 
BD+45°3377 +45 53 
MHa 170-10 +55 12 
BD+39°4474 +40 1 
HD 239601 +56 18 


BD+43°3859 +43 33 
HD 239618 
..| HD 203356 
...| HD 235495 

.| HD 239667 


AQ Peg 
HD 239712 
BD+43°4040 
BD+53°2698 
BD+49°3615 


MHa 258-56 
BD+ 44°4014 
BD-+ 54°2684 
.| MHa 258-66 
MHa 258-67 


BD+ 52°3147 
..| HD 235795 
..| HD 212001 
HD 212666 

| HD 235834 


-| BD+57°2525 

...| BD+62°2086 
.| MHa 258-91 
...| BD+56°2811 
..| MHa 258-14 
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| 
| | 
| | | | Int | First Last ye 
R.A. } | Obj.-Pr.| Slit 
MWC | Star Mag. | Type wr, | (vr, 
1017 | 47 | Ble |w | 48-9| 49-6 
1018 | 44 | Be s! | 40-6] 48-8 
1019 AOe w! |.......] 4% 6 
1020 | 30 cA2e |m | 46-8| 48 8 
1021... 48 | Bep | 31-7] 43-6 
1022... 52 | | Be 44-7 48-7 
1023... 53 | | B(O)ne s 40-9] 47-7 
1024... | 30 | | Ae 
1025... | 53 | |BSe |s! | 45-9] 48-8 
| 
1026... 44 | | B3e |s | 447] 47-6 
1027... 59 | BSpe | m | 44-10] 47- 6 
1028... 57 | B(3)e | s | 40-9] 47-7 
1029... 50 Be s! | 40-6| 48-8 
1030... 52 Be s 44-7 | 46-10 
| 
1031... 53 | BOe |s! | 44-7] 48-7 
1032... 53 Boe |s! | 31-7] 47-7 
1033... 62 | B(S)e | s! | 4410} 46-11 & 
1034... | 54 B5e |s | 40-8| 47-7 
1035... 56 BSe | m | 40 8| 47-7 
1036... 50 Be s! | 45-10] 48-8 
1057 .. 55 B(S)e | s 40- 8 | 47-7 
1038... Be s! | 44-10 | 48-8 
1039... B3e |s | 45-10} 48-8 
1040... | B3e |m | 4410]...... 
1041 | BSe | 45-10] 48-7 
1042 |s | 44-10] 45-6 a 
1044 |s | 45-9] 48-8 
1045 B8e | s! | 30-10] 46-11 — 
1046... 21 | Aze 
1047... 21 |s | 39-7] 45-11 
1048... 21 B2e | s! | 39-7} 47-9 
1049... 21 Be s! | 40-6] 48-8 aa 
1050... 21 Ble |s_ | 45-11 | 46-11 
1051... 21 +51 0} 65) 3 B(3)e | s! | 45-12 | 47-10 
1052. . 21 +45 7] 62| 8.8 | Ae m | 45-12 | 48-8 a= 
1053... 22 +54 33 | 68 9.5 | Ble |s! | 40-6] 47-10 
1054... 22 +53. 68 0 B(3)e | s! | 45-12 | 48- 8 
1055... 22 +53 44| 68 | Beq 45-12 | 46-12 
1056. 22 B(8)e | w | 45-12 | 48-7 
1057 22 B2e |m | 40-6]...... P 
1058 . 22 AOe | s | 45-12 | 46-10 
1059. 22 B8e | w | 45-12] 47-7 
1060. 22 B8e m | 45-12 | 47-10 
1061 22 B(3)e | s! | 40-6] 48-9 
1062 22 BiSje | s | 45-11] 47-6 
1063 22 B(S)je | s | 45-12 | 48-10 
1064 22 BiSje | s | 40-6] 47-10 
1065 22 | (Ble |s | 45-12 | 48-12 
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TABLE 1—Continued 


R.A. 
1900 


° 


AC+57°60492 | 22633™7 
BD+53°2964 | 22 30.3 


AC+57°60716 

| BD+57°2615 

AC+57°61101 
HD 216411 
216629 


— 


HD 236031 
BD-+ 60°2493 
HD 219286 
HD 240234 
MHa 256-39 


HD 220300 
FHa 7-5 

HD 223036 
HD 223044 
BD+ 66°1651 


BD+71°1238 
HD 236270 
..| HD 224869 


Sexes om 


_ 


— 
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It is a pleasure to acknowledge, with our most cordial thanks, the generous co-opera- 
tion of Mr. W. C. Miller and Dr. A. G. Mowbray, both of Pasadena, who as volunteer 
observers have taken rost of the spectrograms upon which this Second Supplement is 
based. A few objective-prism plates were taken by Mr. Floyd Day, night assistant. The 
number of exposures made by these observers is given in the accompanying tabulation. 


| Objective-Prism | Slit 
Observer | 
| Spectrograms | Spectrograms 


W. C. Miller... 1943-1949 | 195 
A. G. Mowbray... . 1946-1948 
Floyd Day... 1944 


The Second Supplement has been enhanced in value by the receipt of many unpub- 
lished data from other observers. Our colleagues in the spectroscopic department at 
Mount Wilson have been most helpful; especially has our compilation profited from the 
co-operation of Rudolph Minkowski, who has generously made available much material 
accumulated in his somewhat parallel investigation of planetary nebulae. 

Other astronomers who have sent us useful data are: 

D. B. McLaughlin, Observatory of the University of Michigan 
W. P. Bidelman, Yerkes Observatory 
W. W. Morgan, Yerkes Observatory 


396 
| | First Last 
a | Dec. | Obj.-Pr.| Slit 
mwe | | 1900 | | (Yr., | (Yr., 
| | | | | 
1006... | 57°49") 74°| | Be |m | 45-9)...... 
1067... | +53 33 | 73 | B2e |s | 44-10| 47-7 ; 
1068...) AC+57°60603 | 2240.2 +56 74 | Be m | 40-6|...... 
1069...) HD 240043 22 40.9 | +5655 74 iw {| 
1070...) BD+52°3283 22 41.1 | +52 41 | 72 | m | 45-12) 48-7 
1071. 22 41.2| +5617] 74 | | Be m | 40-6]...... 
1072 (243.8 | +57 37 | | m | 40-6 
1074. | 22 47.6 | +58 28 76 | w 44-10 | 45-12 
1075. | 22 49.4 | +6136 77 | | s | 44-10 | 47-7 
1076... | 22 59.6 | +53 40 | 75 AOpe |s | 4410 47-8 
1077... 23 +60 56| 79 Be m | 21-11 | 48-12 
1078... | | 23 9.6 +5916} 79 | | Be 
1079... 23:10.2 | +5918 79 BOe |s | 449) 46-11 
1080... | 23 13.0 | +60 19 | 79 | Be s | 38-11] 47-10 
| | 
| 23 17-6 | +55 79 | Ape |s | 45-8 
1082. . .| | 23 40.0 +60 41 83 | | s! | 47-8 
1083. . .| (2341.0) +5411) 81) ‘| w | 46-9] 49- 6 
1084... .| | 23 41.1 +61 26 83 B2e 45-9 | 46-10 
| 1085. 23 47.3 | +66 34) 85 Be |s! | 2611 | 46-11 
j | 
1086. | 23 50.3 | +71 55 | 86 B3e | s! | 45-11} 47-9 
1087. | 23 55.6 | +5510) 84) BSe m | 45-9] 49- 6 
1088 23 +5947 Ae m | 45-9]...... 
| 
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Heading 
MWC 
Star 


1, b 
Mag. 


Type 


Int. Br’t 
Ha 

First 
obj.-pr. 

Last slit 


Daniel M. Popper, Yerkes Observatory (now at University of California at Los Angeles) 
Arne Slettebak, Yerkes Observatory 

F. J. Neubauer, Lick Observatory 

George H. Herbig, Lick Observatory 

Jean K. McDonald, Dominion Astrophysical Observatory 

R. M. Petrie, Dominion Astrophysical Observatory 

G. R. Miczaika, Badische Landessternwarte, Heidelberg-Kénigstuhl 


For many bright-line stars in Table 1 and in previous lists we have unpublished data 
that can be obtained, upon request, by observers interested in specified stars. 
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DESCRIPTION OF TABLE 1 


Mount Wilson Catalogue current number. 

The star designations are chosen in the following order of preference; (1) 
constellation letter or number; (2) HD number (Harvard Ann., Vols. 91- 
100); (3) Durchmusterung number; (4) designations given in the course 
of the Mount Wilson program on bright-line stars; a typical designation 
of this kind is MHa 295-86, which means star 86 on plate 295 of the MHa 
seri.s of objective-prism plates taken with the 10-inch telescope. Parenthe- 
ses around HD or BD numbers indicate the presence on our objective- 
prism photographs of two or more stars of about the same magnitude near 
the catalogue position. We are in doubt as to which star the catalogue 
number refers. 

Right ascension and declination for 1900. 

Galactic longitude and latitude for the pole, R.A. = 
(1900). 

Magnitudes taken from the Henry Draper Cetalogue or the Durchmusterung; 
for stars not in these catalogues, approximate estimates (from the objective- 
prism spectra) have been used. Photographic magnitudes are italicized. 
For variable stars the letter “v”’ follows the maximum magnitude. 

The spectral type taken from the Henry Draper Catalogue or estimated from 
Mount Wilson slit spectrograms. Parentheses indicate uncertainty. 

The estimated intensity of the bright Ha line on the following scale: w = 
weak; m = medium; s = strong; s! = very strong. 

The date of the first Mount Wilson objective-prism photograph to show 
bright Ha. 

The date of the last Mount Wilson slit spectrogram. Mount Wilson observa- 


12540™, Dec. = +28° 


tions of most of the stars will lie between the dates given in the tenth and 
eleventh columns. 


NOTES TO TABLE 1 (SECOND SUPPLEMENT) AND ADDITIONAL NOTES TO THE 
ORIGINAL CATALOGUE AND THE FIRST SUPPLEMENT 

MWC 

1, HD 108, The lines H8 and Hy are dark on slit spectrograms taken at Mount Wilson on July 28, 

1945, and September 24, 1947; the lines \\ 4634, 4640, 4686 remain bright. Thisfhigh-velocity 

star with a variable spectrum merits further study. 

. « Cas, On a one-prism spectrogram taken at Mount Wilson on December 3, 1944, the blue-violet 
spectrum appears to be the same as in 1931. G. R. Miczaika reports that the dark H6 line was weak- 
er in September, 1948, than in October, 1947. All Dr. Miczaika’s observations were made with 
the UV-spectrograph of the Heidelberg Cheervatory. The dispersion was 51 A/mm at Hy, 24 
A/mm at A 3500. 

. o Cas. The weak emission components of H 8 are variable in intensity. They are not seen ona one- . 

prism spectrogram taken at Mount Wilson on December 3, 1944. Miczaika reports that spectro- 

grams taken in September and October, 1948, “show H6 as a broad, diffuse absorption line with 
weak emission borders of nearly equal intensity. Hy shows a slight suggestion of double emission.’ 

y Cas. After an interval of rapid change in the 1930’s, the spectrum has settled down to a compara- 

tively steady state. On the following dates the absorption lines are diffuse without marked changes: 

January and November, 1941; November, 1942; December, 1944; July, 1945; January, 1946; 

November, 1948. Traces of emission components are seen at #8 on most plates. D. B. McLaughlin 
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BSe. 

i 15450. The bright hydrogen lines may have been slightly weaker in 1945 and 1946 than in 
1924, 

55. (BD+57°607). The bright line is probably in the southern and slightly preceding of a pair of stars 
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reports: “Hydrogen emission was extremely weak or absent in 1943, When next observed in Janu- 
ary, 1946, Ha was strong, H8 conspicuous, and Hy weak, wide double equal emission. Het, D3, 
was also present in emission. No appreciable changes have occurred in 1946-1948.”’ 


. HD 6343. In December, 1945, the spectrum was much the same as in September, 1924, and July, 


1931. 


. HD 9105. This sharp-line spectrum seems not to have changed from 1920 to 1944. The bright lines 


observed earlier at Harvard have not yet reappeared. 


. BD+62°285. Ha is a well-marked bright line on a spectrogram taken on December 21, 1947. The 


interstellar line \ 6284 is strong. 


. @ Per. Although much attention has been given to this interesting spectrum, variable in a period of 


127 days, further study with high dispersion is desirable. A few coudé spectrograms have been ob- 
tained at Mount Wilson. Of special interest are the sharp lines He 1 \ 3888; Ca 11 \ 3933, 3968; Na 1, 
D1, D2; all of which may be circumstellar. 


. HD 11606. In December, 1945, the spectrum was the same as in September, 1924. 
. HD 12302. In July, 1945, bright H8 was stronger than in November, 1926, October, 1927, and Jan- 


uary, 1928. The dark cores seen on the earlier plates were weak or absent. The star deserves fur- 
ther observation. 


. HD 12856. The spectrum wee about the same on the following dates: December, 1928; Novem- 


ber, 1944; October, 1945; December, 1946. The last three plates were taken by R. F. Sanford. 


. HD 13051. Although bright H8 was outstanding in December, 1928, it was scarcely visible in 


August, 1945, and October, 1946. The last two plates were taken by R. F. Sanford. 


. BD+57°SiS. The spectrum was much the same in November, 1945, as in January, 1924. 
. Comp. o Ceti. ‘““The spectrum of the visual companion to Mira was observed at minimum light of 


the Me variable each year 1943-1946 inclusive. No large changes in the spectrum appeared. The 
violet components of the hydrogen emission lines were weak or absent at all times. Judged by the 
strength of its emission lines, o Ceti B was exceptionally faint at the minimum of 1944 when H8 
was the only emission line seen. In August, 1946, the wry ig lines on the shortward side of the 
hydrogen emission were especially wide and strong.’’—A. H 


. Joy 
. HD 14422. A spectrogram taken by R. F. Sanford on October 17, 1946, shows H8, Hy, and Hé to 


be well-marked bright lines. 


. HD 14605, The spectrum was much the same in 1944 and 1945 as in 1924. 
. HD 15238. The spectrum changed slightly between October, 1931, and July, 1945. On the later 


date the dark lines were less conspicuous, and there was weak emission at HB. The type was about 


by about 0/5. 
) 19243. Miczaika reports that in December, 1948, and March, 1949, 18 showed strong central 
emission. 


. HD 20336. Miczaika reports that in September, 1948, 18 was extremely weak, but no emission 


was recognizable. McLaughlin reports: ‘“The emission has remained weak (except Ha which is 
quite strong emission) since 1939 and the V/R variation, formerly of large amplitude, has been 
very slight.”’ 


. w Per. Miczaika reports the presence in September, 1948, of a strong double bright 178 line and the 


usual shell spectrum. McLaughlin reports that the spectrum has shewn no appreciable changes in 
many years. 


. Merope. “Between October, 1942, and October, 1946, Ha and H8 emission reappeared after an ab- 


sence since 1937. It has remained conspicuous since 1946 (last observation February, 1949).”’ 
D. B. McLavucuutn. A coudé spectrogram taken at Mount Wilson on November 3, 1941, a 
Haas a double bright line of low intensity. 


. Pleione. Many coudé spectrograms recently obtained at Mount Wilson will be described in a future 


article in the Astrophysical Journal. 


. HD 23982. The spectrum appeared to be the same in December, 1945, as in December, 1925. 
. HD 24479. Miczaika reports the absence of emission lines in the blue-violet in September and 


November, 1948. In the higher members of the Balmer series weak dark cores appeared to be dis- 
placed longward from the centers of the broad lines. 


. X Per. Miczaika reports that bright 1 was of moderate intensity in December, 1948, and March, 


1949, McLaughlin reports that conspicuous irregular variations of V/R have continued. 


. ¢ Per. Miczaika reports that in September and October, 1948, H8 had a bright component super- 


posed on broad absorption. Emission was seen along the Balmer series as far as 12. 


. HD 28497. Miczaika reports that H8 and Hy had double bright components in November, 1948, 


and January, 1949, 


. HD 29866. The spectrum appeared the same in January, 1945, as in 1926. Miczaika reports the 


absence of emission lines in the blue-violet in September and November, 1948. The broad Balmer 
absorption lines had weak dark cores. 
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56 Eri. Miczaika reports that H8 was bright in November, 1948, and January, 1949. 

: Miczaika reports the absence of emission lines in the blue-violet in March and September, 
11 Cam. Miczaika reports the presence in September, 1948, of sharp emission components — 
posed on the broad hydrogen lines. The bright components were visible up to H19. McLaughlin 
reports that the emission remained very strong from 1943 through February, 1949. 


. 105 Tau. Miczaika reports that H8, Hy, and Hé had emission components, possibly double, in 


October and November, 1948. McLaughlin reports that large, slow variations of V/R have con- 
tinued, with a period of about 12 years (last observed December, 1948). 


. HD 33232. The long-period oscillation in the positions of lines in this shell spectrum is under in- 


vestigation at Mount Wilson. 


. HD 33604. The bright hydrogen lines appeared about the same in January, 1945, as in December, 


1920, and somewhat stronger than in October, 1928. 


. 12 Aur. Miczaika reports that in December, 1948, and March, 1949, the hydrogen lines had sharp 


dark cores with a suspicion of emission at H8. 


. HD 35345. The spectrum appeared to be the same in January, 1945, as in 1924, 1925, and 1933. 


The star deserves further observation because of the unusually high intensity and slow Balmer 
decrement of the bright H lines. 


. 25 Ori. “HB emission was still present but quite weak in January and October, 1943, but recovered 


slightly in January, 1944. When next observed, in January, 1946, H8 was strong absorption only. 
Ha was observed as an absorption line without appreciable emission in February, 1947, March and 
November, 1948, and February, 1949.”—D. B. McLaucuiin. Miczaika reports the absence of 
emission lines in the blue-violet in October and November, 1948. 

120 Tau. H8 is a well-marked bright line with two nearly equal components on a one-prism spec- 
trogram taken by R. F. Sanford on February 18, 1948. Miczaika reports that on October 10, 1948, 
HB was a double bright line and the other hydrogen lines were in absorption with dark cores. On 
November 27, 1948, the cores appeared less distinct. 

w Ori. Miczaika reports that Hp showed a trace of a central emission component in November, 
1948, and January, 1949. 

HD 37967. Miczaika reports that in December, 1948, the hydrogen lines showed central emission 
from HB to Hé or He. The bright lines are stronger than previously. Mount Wilson spectrograms 
show that they were weak in February, 1921, slightly stronger in December, 1924, decidedly strong- 
er in October, 1935. Bright Ha was very intense in January, 1933. 

HD 38010. Miczaika reports that in December, 1948, and January, 1949, H8 and Hy had bright 
components. 

HD 248753. HB was bright on a coudé spectrogram taken by O. C. Wilson on January 1, 1947. 
HD 40978. Miczaika reports the absence of emission lines in the blue-violet in December, 1948, and 
March, 1949, 

HD 41335. Miczaika reports that in November, 1948, and January, 1949, H8, Hy, Hé, and He 
showed double bright components superposed on broad absorption lines. McLaughlin reports 
that from 1930 to 1948 the emission components varied considerably in relative intensity but that 
at all times the jongward component has been the stronger. 

HD 43285. Miczaika reports the absence of emission lines in the blue-violet in November and De- 
cember, 1948. 

HD 44458. “Five piates taken in 1946-1948 show little change of V/R, in contrast to former con- 
spicuous changes. However, it is possible that by chance the observations were made near the times 
of equality of the components and missed large inequalities (which may have occurred when the 
star was unfavorably placed).’’—D. B. McLAuGHLIN. 

HD 44637. Ha isa strong bright line on a slit spectrogram taken on March 10, 1946. 

v Gem. On a one-prism spectrogram taken on December 2, 1944, there was no definite emission at 
HB or at any other line in the blue-violet region. Miczaika reports the absence of emission lines in 
the blue-violet in October and November, 1948. 

HD 45677. This spectrum, notable for the strength of bright lines of [Fe 1] and [0 1], has shown no 
radical change in recent years. Slight changes occured on coudé spectrograms taken in the interval. 
1943-1947. 

B Mon pr. A number of coudé spectrograms has been obtained at Mount Wilson. The radial ve- 
locity decreased from +36 km/sec in 1946 to +20 km/sec in 1948. 

“The shell absorption lines of hydrogen were very weak in 1942 but had recovered appreciably 
in October, 1943. When next observed in January, 1946, the shell absorption was very strong and 
has remained so through March, 1949. Slow V/R variation of Jarge amplitude has continued. The 
ratio passed from V > R to V < R during 1947.”—D. B. McLaucHLIn. 

B Mon foll. Miczaika reports that H8 was bright (in November, 1948, and January, 1949), 
HD 45995. The bright components of H@ vary in intensity; on January 13, 1946, the ratio Er: Ev 
was about 1.5. Miczaika reports that H8 and Hy were bright in November, 1948, and January 


1949, 
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. HD 47054. On a widened one-prism spectrogram taken on December 3, 1944, two very weak bright 
components are visible within a broad absorption line. 

54. HD 49977. In December, 1945, H8 was a well-marked bright line, probably double but only par- 
tially resolved, centrally superposed on a wide dark line. Hy had two very weak bright components 
superposed on a shallow dark line. The spectrum was about the same as in April, 1928, and De- 
cember, 1935. 

. HD 50083. In December, 1945, the spectrum appeared the same as in October, 1931. Miczaika re- 
ports that on December 24, 1948, the bright H line was narrow and sharp; on March 26, 1949, it 
was broad and diffuse. 

HD 50138. Interesting changes occur on coudé spectrograms taken in the interval 1943-1948. 
HD 50209. 8 has a bright component of moderate intensity superposed on a wide dark line. The 
other hydrogen lines are dark. On spectrograms taken in 1920, 1921, 1926, 1941, 1942, and 1943 
the only observed changes are possible slight variations in the structure of the emission at H8. 

. HD 51480. Miczaika reports that his spectrograms taken early in 1949 are similar to those taken at 
Mount Wilson in 1921. 

. Z CMa. The apparent radial velocities from the bright lines measured on two coudé spectrograms 
taken in 1947 are shown in the accompanying tabulation. 


Plate 
Ce 


| | 
| Date | H | Feu 
| | 
Feb. 5 | +38 (8,7) | +34 (13) 
| 


1947 (Km /Sec) (Km /Sec) 


CS Nov. 29 +43 (a) | +54 (5) 


The genera! structure of the Ha line on Ce 4982 is indicated in Figure 2. The maximum intensity 
of the emission is many times that of the near-by continuous spectrum; no reliable value can be 
obtained from the overexposed image. On Plate Ce 4578 the maximum intensity of HB was 3.8 
times that of the continuous spectrum; of Hy, 1.8 times. The differences in wave length between 
the centers of emission and absorption components are as follows: Ha, 10.0 A; HB, 7.2; Hy, 5.2. We 
are indebted to Miss A. Louise Lowen for these data. 

For a description of low-dispersion spectrograms taken in 1925 and 1927 see Mt. W. Contr., No. 
335; Ap. J., 65, 286, 1927. The spectrum undoubtedly changes considerably in certain details, but 
it has retained its chief characteristics for more than twenty years. 


Fic. 2.—The Ha line in the spectrum of Z Canis Majoris on November 29, 1947 


. HD 54309. One-prism spectrograms taken at Mount Wilson in March, 1945, show that Hf and 
Hy were double bright lines not wholly separated; the longward components were the stronger. 
Arne Slettebak, of Yerkes Observatory, reports ‘‘faint but clearly visible emission lines of Fe 11’’ on 
March 1, 1949; traces can be seen on the Mount Wilson plates. 

. HD 58050. On a coudé spectrogram taken by W. S. Adams on December 18, 1945, 78, Hy, Hé, and 
probably He are broad double bright lines. 

. 8 CMi. On a widened one-prism spectrogram of the blue-violet region taken at Mount Wilson on 
December 2, 1944, there is no definite emission at any of the hydrogen lines. There may be extreme- 
ly weak traces of emission within the broad dark line at Hf. Miczaika reports the absence of emis- 
sion lines in the blue-violet in November, 1948, and January, 1949. 

. HD 58978. Arne Slettebak, of Yerkes Observatory, reports that this is “a shell star with Fe 1 
emission. My spectrogram of March 1, 1949, barely reveals H8 as a very weak and narrow absorp- 
tion line. The other H lines are very broad and weak absorption lines with narrow absorption 
cores.’’ Mr. Slettebak notes that the spectrum must have changed since the Harvard observations 
described by B. P. Gerasimovic in Harvard Bulletin 851. 

. HD 65079. The spectrum was probably the same on January 28, 1945, as on December 20, 1928. 

. HD 65875. HB, Hy, and Hé have bright components on a coudé spectrogram taken on February 6, 
1947. Miczaika reports the same bright lines on low-dispersion spectrograms taken at Heidelberg 
in December, 1948, and March, 1949. 
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I Hya. HB has two weak, widely spaced emission components on a coudé spectrogram taken on 
March 23, 1948. 

HD 91120. Ha has two strong, well-separated bright components on a coudé spectrogram taken on 
February 6, 1947. Similar bright components are barely visible at HB on a coudé spectrogram 
taken on March 23, 1948. 


. ¢ Crv. HB has two weak, widely separated bright components on a coudé spectrogram taken on 


March 23, 1948. 


. « Dra. “Emission which had disappeared some years earlier recovered slowly in 1942-1943. When 


next observed in April, 1946, it was very strong, double and equal and has remained so through 
April, 1949.”—D. B. McLavcuun, 

Miczaika reports that HB had a bright component in October, 1948, with the possibility that 
it was weaker in March, 1948. 


. 6CrB. A coudé spectrogram taken on May 27, 1947, shows Ha as a wide, diffuse absorption line. 


Miczaika reports the absence of emission lines in the blue-violet in September, 1 

48 Lib. A disturbance in 1934 produced an atmospheric oscillation, which has been subject to 
strong damping. The study of this shell spectrum is being continued at Mount Wilson. 

HD 155806. HB 1s a bright line of moderate intensity on a coudé spectrogram taken by W. S. Adams 
on August 23, 1945. 


926. 
: cD 27°11944. This remarkable P Cygni-type star, with its rapidly expanding atmosphere, seems 


not to have changed radically from 1921 to 1948. The star is strongly reddened and the inter- 
stellar lines \ 6284 and d 6614 are well marked. 


. 66 Oph. Bright Ha was extremely weak on a coudé spectrogram taken on May 27, 1947. Miczaika 


reports the absence of emission lines in the blue-violet in September, 1948. 


. HD 164447. Ha is a well-marked double bright line on a coudé spectrogram taken on May 28, 1947. 


Miczaika reports the possible presence of 1/8 as a weak emission line in February, 1949 


. HD 164906. H8 is a weak bright line on a coudé spectrogram taken by R. F. Sanford on July 25, 
1948, 
. HD 168607. In July, 1948, the spectrum was much the same as in September, 1921, and June, 


1924: changes, if any, are slight. 


. HD 168957. Miczaika reports the absence of emission lines in the blue-violet in March, 1949. 
. HD 169454. On several coudé spectrograms, Ha and H@ are bright lines with absorption on the 


shortward edge. The interstellar lines are strong, with weak components in positions corresponding 
to a radial velocity of +82 km/sec. 


. HD 172694. Coudé spectrograms taken in July, 1944, August, 1946, and July, 1948, correspond to 


the general description of the spectrum in July, 1942, given by Swings and Struve (Ap. J., 97, 
194, 1943). Certain lines appear to differ considerably from those shown by low -dispersion plates 
taken at Mount Wilson in the interval 1921-1925. Some lines have shown rather large variations 
in radial velocity. Dark lines from the metastable He 1 levels 23S (A 3888) and 2!S (A 5016, \ 3964) 
are strong and sharp. The star deserves further study. 


. HD 175863. Emission components of H8, well marked in 1920, were weaker in 1923 and absent in 


1924, 1925, 1926, and 1945. Miczaika reports that ~:aission lines were absent or very weak in 
March, 1949. 


. HD 177648. Miczaika reports the absence of emission lines in the blue-violet in March, 1949, 
. HD 180398. The emission seems to have passed through a minimum of intensity, as on April 21, 


1945, it was about the same as on September 18, 1921, but more distinct than on September 9, 
1927. HB is a weak double bright line superposed on broad absorption. 


. BD+14°3887. Spectrograms taken in 1921, 1923, 1925, 1941, and 1945 show little, if any, change. 
. HD 183362. Miczaika reports weak emission at HBi in March, 1949, 
. HD 184279. Spectrograms taken at Mount Wilson in the interval 1943-1945 show variations in 


certain lines. 


. HD 187399. A binary shell star. See Ap. J., 110, 59, 1949. 
. HD 187567. Plates taken in 1921, 1922, 1924, and 1945 show little, if any, change. 
. 12 Vul. Miczaika reports the absence of emission lines in the blue-violet in September, 1948. The 


dark line at \ 4144 was sharper than the other lines of He 1. 


. HD 190603. Weak emission on the longward side of dark 178 is seen on several spectrograms; it 


may vary in intensity. 


. b? Cyg. Miczaika reports the absence of emission lines in the blue-violet in September and October, 


1948. The plates showed a normal B3 spectrum with diffuse H and He lines. 


. 20 Vul. Miczaika reports the absence of emission lines in the blue-violet in September, 1947, Sep- 


tember and October, 1948. McLaughlin reports no appreciable change in weak H8 emission since 


1939, 
psa 228438. The spectrum had well-marked bright lines in 1921 and 1926 but lacked them in 1931 
and 1947, 


. HD 192954, Spectrograms taken by H. W. Babcock in June, 1946, and October, 1947, show a shell 
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spectrum similar to that observed earlier at the Mount Wilson Observatory and by A. A. Broyles 
at the McDonald Observatory. 


36. HD 193009. Miczaika reports emission at H8 and Hy in December, 1948. 


. 25 Vul. Miczaika reports that in September, 1948, the bright H8 line was barely visible; it was 
considerably weaker than formerly. McLaughlin reports no appreciable change in weak HB emis- 
sion since 1936. 
3. HD 194335. Miczaika reports the absence of emission lines in the blue-violet in September and 
October, 1948. 
5. HD 194883. The spectrum was probably the same in July, 1947, as in June, 1927. 

. HD 195407. The He 1 line \ 3888 is strong and narrow on coudé spectrograms taken in November, 
1943, June, 1944, August, 1946, and September, 1948. The radial velocity derived from the stellar 
lines, including \ 3888, is —72 km/sec; the velocity from interstellar H and K is —10 km/sec. 


7. HD 195592. The lines of Si 1v are unusually strong. 
52. \ Cyg. Miczaika reports the absence of emission lines in the blue-violet in September, 1948; the 


dark H and He lines were narrow with sharp cores. ‘“The disappearance of the emission compo- 
nents was apparently accompanied by a sharpening of the lines.’? McLaughlin reports that emission 
has been completely absent even at Ha, 1946-1948, 

. f' Cyg. McLaughlin reports: “During 1946-1948 there have been large changes of V/R, ‘but 
throughout that time the red component of the double emission has been the stronger. The bright 
lines are now as strong as they have ever been recorded in this star.’’ 

Miczaika reports that H8 was bright on two spectrograms taken in August, 1948. ‘The H lines 
can be recognized to H15; they are very broad and diffuse. For the bright HB line E/C = 2;V/R = 
1; the width of the bright line is about 10 A, that of the underlying dark line about 20 A. The ab- 
sorption line dividing the bright components is very weak and sharp.”’ 

On an underexposed coudé spectrogram taken at Mount Wilson on September 16, 1946, Ha 
was a bright line of moderate intensity, with another weak, ill-defined bright component on the 
shortward side. 

. 60 Cyg. Miczaika reports the absence of emission lines in the blue-violet in September, 1948. 


2. HD 201522. The blue-violet spectrum appeared to be the same in July, 1947, as in June, 1929. 


. HD 201733. The spectrum appears to be the same on plates taken in 1929, 1931, and 1945. 

. uv Cyg. Ha was a broad, bright line with an ill-defined central minimum on a coudé spectrogram 
taken on September 16, 1946. Miczaika reports a weak bright component superposed on very 
broad absorption at Hf in September, 1948. McLaughlin reports that no conspicuous changes have 
occurred for many years. 

. 6Cep. McLaughlin reports that emission, which was weak in 1942, had returned to normal in 1946. 
Miczaika reports that HB and Hy were bright in September and November, 1948. 

. HD 203731. A spectrogram taken in July, 1948, does not differ markedly from one taken in Sep- 
tember, 1929. The relative intensity of the components of bright H8 may have changed slightly. 


70. HD 204722. H8 appears to consist of two weak, widely spaced bright components on a coudé spec- 


trogram taken by W. S. Adams on November 23, 1945. 

HD 239703. In July, 1945, H8 was a well-marked bright line. There was no indication of type F. 
Either the spectrum has changed, or the star has been misidentified by Harvard or by Mount 
Wilson. 


73. « Cap. A few coudé spectrograms obtained at Mount Wilson in the interval 1943-1949 show 


changes in the strength of the dark cores of the hydrogen lines. The star merits further investiga- 


tion. 
74. BD+47°3487. A shell spectrum of my P Cygni type. In July, 1945, the dark cores of the ultraviolet 
hydrogen lines were strong and well defined, with a slow Balmer decrement. 


76. HD 206773. In June, 1945, the two emission components at HB and Hy had nearly equal intensity. 


. HD 208682. Miczaika reports that HB and Hy were bright i in September and November, 1948. 


84. o Aqr. McLaughlin reports: ““No changes for many years.’ On a coudé spectrogram taken by H. W. 


Babcock at Mount Wilson on August 20, 1946, H8 is a broad bright line of moderate intensity, di- 
vided nearly centrally by a narrow dark core. Miczaika reports weak emission at H8 and Hy in 
September, 1948. 

5. 25 Peg. Miczaika reports that H8 was entirely free of emission (in September, 1948). 

7. 31 Peg. ‘The bright lines, which disappeared in 1940, were still absent in July, 1946, but recovered 
faintly in August. By August, 1947, they were very conspicuous and have remained so through 
October, 1948.”—D. B. McLAUGHLIN. 

. t Aqr. “Hydrogen emission, strong in 1943, weakened greatly in 1944, and was entirely absent 
when the star was next observed in 1946. However, on August 7, 1946, wide double equal emission 
was apparently present at Het, D3. In August, 1947, Ha emission had recovered conspicuously, 
and D3 was stronger. During July to November, 1948, H8 emission was present as weak equal bor- 
ders to the absorption, and weak Ha emission was still present but weaker than in 1947, D3 emis- 
sion was uncertain.””—D. B. McLAUGHLIN. 

. & Lac. McLaughlin reports that the emission has not weakened appreciably since 1940. 
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: s HD 216057. Miczaika reports emission at H8 and Hy in December, 1948. 
394, 
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Be AND Ae STARS 


HD 217050. McLaughlin reports that the metallic shell absorption spectrum and the emission 
lines of hydrogen have shown no conspicuous change since 1928. A well-developed shell spectrum 
with Balmer lines having strong, narrow dark cores is shown by coudé spectrograms taken at 
Mount Wilson in the years 1937, 1942, 1943, 1945, 1946, and 1948. The radial velocity from the 
dark lines of hydrogen and of ionized metals on these plates is — 16 km/sec. Lines of Ni 1 are well 
marked. On one plate, taken by Lyman Spitzer, Jr., about 25 lines of Fe 11 were measured in the 
region AA 3077-3293. 

B Psc. “In 1943 and 1946 the emission was weaker than normal, but by 1948 (July-December) it 
had partially recovered.’’—D. B. McLAuGHLIN. 

Spectrograms taken at Mount Wilson in September, 1944, November, 1945, and October, 1947, 
show the hydrogen lines from H8 to He as dark lines with relatively narrow central emission. 
Miczaika reports that in September, 1948, 18, Hy, Hé, and perhaps He had fairly sharp emission 
components superposed on diffuse absorption lines. 


. HD 218393. An investigation with high dispersion of the interesting changes in the spectrum of 


this shell star will be published soon in the Astrophysical Journal. 


. HD 224544. Miczaika reports the absence of emission lines in the blue-violet in December, 1948. 


Hy, Hé, and following lines have sharp cores. 


. HD 224559. On a coudé spectrogram taken by W. S. Adams on August 21, 1945, HB is a bright 


line with two widely spaced components of moderate and nearly equal intensity. A trace of the 
same structure is seen at Hy. Miczaika reports emission at 18, Hy, Hé, and possible He in De- 
cember, 1948. 


. SX Cas. Ha was a strong bright line on August 24, 1946, and on October 5, 1947. 
. BD+61°154. The spectrum was probably the same in October, 1944, as in September, 1940. 
. @ And. A one-prism spectrogram taken on December 2, 1944, shows at H8 a very weak narrow 


emission line centrally superposed on broad absorption; other lines are dark. Miczaika reports 
that H8 was “free of emission’’ in September and October, 1948. 


23. NGC 457, No. 4. BD+57°243. One-prism spectrograms taken by R. F. Sanford and A. G. Mow- 


bray on the following dates show little change: December 1, 1941; September 4, 1944; November 
27, 1944; September 15, 1945; January 2, 1948. It is possible that the bright hydrogen lines are 
slightly more intense on the plate of September 15, 1945. 


. HD 7902. Hf is dark on a one-prism spectrogram taken by R. F. Sanford on September 16, 1943. 
. HD 13867. On a coudé spectrogram taken on November 13, 1943, 18, Hy, and Hé have bright 


components superposed on wider dark lines. 


. HD 236970. A one-prism spectrogram taken on November 8, 1946, shows Ha as a well-marked 


line, probably double. 


. HD 18552. Miczaika reports the absence of emission lines in the blue-violet in October and No- 


vember, 1948. In the Balmer series weak dark cores appeared to be displaced shortward from the 
centers of the broad lines. 


. BD+60°628. Ha was a strong bright line on August 14, 1948. 


HD 237146. Ha was a well-marked bright line on December 9, 1945; H8 also was probably bright. 


. MHa 58-30. In the first Supplement, for MHa 50 (30) read MHa 58-30. 
. HD 26398. Miczaika reports the absence of emission lines in the blue-violet in January and March, 


1949. 
. HD 232925. In Jan., 1945, the spectrum appeared the same as in Oct., 1940. 
. BD+45°961. On November 9, 1946, Ha was a very strong bright line. The spectrum was probably 


the same as in January, 1939 


. Berg. 24-986. On a low-dispersion spectrogram taken by A. H. Joy on October 22, 1943, H8, Hy, 


and possibly 1/6 are bright. The type is about B3e. 


. BD+43°1136. Bright Ha does not appear on an objective-prism spectrogram taken on August 29, 


1946, and is almost certainly weaker than in 1938. 


. BD+39°1135. Ha is a very weak bright line on a low-dispersion slit spectrogram taken on October 


23, 1948; it is probably less intense than in 1938. 


. HD 34257. On November 11, 1945, #8 had a well-marked bright component superposed on a shal- 


low dark line. 


. (HD 242257). Displaced dark lines indicating a rapid expansion of the stellar atmosphere have been 


observed in 1942, 1945, and 1948. 


. HD 244610. On February 8,1946, Ha was a strong bright line; H8 also probably was bright. 
. HD 36665. On a coudé spectrogram taken on October 30, 1944, H8 and Hy are hazy double bright 


lines. This plate confirms the existence of a greatly displaced component of the interstellar H and K 
lines (Mt. W. Contr., No. 664; Ap. J., 96, 15, 1942). The measured radial velocities are: +12 
km/sec (int. 3); —58 km/sec (int. 1). An extremely weak component is suspected at —8 km/sec. 
The correction for solar motion is — 10 km/sec; hence the shortward component, of whose reality 
there can be no doubt, has the remarkably high residual velocity of —68 km/sec. The velocity dif- 
ference between the two main components is 70 km/sec. Nearly the same velocity difference has 
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. BD+34°1113. The spectrum appears to be the same in March, 1946, as in November, 1941. 
: oh 245310, Ha, HB, and Hy were bright on a low-dispersion spectrogram taken on February 8, 


’ HD 37318. On February 9, 1946, Ha was a bright line of moderate intensity. The type was B(3)e. 
. HD 245950. Ha was a strong bright line on February 9, 1946. 


. HD 38063. Ha was a bright line of moderate intensity on February 10, 1946. 
. 17 Lep. Coudé spectrograms, dispersion 10 A/mm, have been obtained on the following dates: 


. HD 254329. Ha was a strong bright line on February 10, 1946. 
. HD 257366. Ha was a bright line of moderate intensity on February 10, 1946, 
. HD 50064. The bright H line is double, with the longward component much the stronger. This 


. ¥* Aur. Miczaika reports the absence of the emission lines in the blue-violet in October and No- 
538. HD 50696. On a one-prism spectrogram taken on January 31, 1947, H8 and Hy are double bright 
. HD 50938. On a one- -prism spectrogram taken on January 14, 1945, H8 and Hy were well-marked 
. HD 51193. Bright lines were observed in 1933, 1935, and 1939, but were absent in January, Febru- 


. HD 62367. Ha, HB, and Hy consist of narrow bright components superposed centrally on strong 
. HD 86612. Hf and Hy have double bright components. All lines, both bright and dark, are dif- 


. HD 89884. On a coudé spectrogram taken on February 6, 1947, Ha is a strong bright line with a 
. HD 142926. On a coudé spectrogram taken on March 9, 1947, Ha is a weak double bright line, the 
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been found in several other stars: HD 232924 (Mt. W. Conir., No. 664; Ap. J., 96, 15, 1942); both 
components of HD 190429 (Pub. A.S.P., 51, 238, 1939); HD 19762, HD 175754, HD 212978, 
(W. S. Adams, Mt. W. Contr., No. 760; Ap. J., 109, 354, 1949). The similarity of these large dis- 

lacements seems remarkable, but, because of the presence of the displaced line at both H and K, 
it is highly improbable that an element other than Ca is responsible; possibly the component is a 
shell or circumstellar line. 


January 15, 1944; December 23, 1945; October 6, 1946. The remarkable line profiles could be stud- 
ied in some detail on these plates. 


line and others probably vary somewhat in intensity and structure. Measurements of radial veloc- 
ity are recorded in Table 2. The residual interstellar velocity, +21 km/sec, corresponds, at galactic 


TABLE 2 
DISPLACEMENTS IN hays SPECTRUM OF HD 50064 


| | Stellar Interst. 


+ 23900.........| 1941 Nov. 27 (+75) (+66) | (+73) (455)bI 
Ce 3634.......... 1944 Nov. 2. +76 | +77 | (465) | +491 | #35 
26427... 1945 Jan. 28 (+88) (+88) +76 | (+92) | (+42) 
Ce 4935*........ 1947 Oct. 25. .........., (466) | (+59) | (+96) +39 
1948 Jan. 5 | 


* Several lines appear double 


longitude 180°, to a stellar distance of about 2900 parsecs or a modulus of 12.3 mag. The actual 
difference m — M may be a magnitude greater because of space absorption. A large part of the high 
residual stellar velocity, +63 km/sec, is probably due to differential galactic rotation. The appear- 
ance of the spectrum on the objective-prism photograph and the presence on the slit spectrograms 
of the broad interstellar line \ 4430 indicate space reddening. This distant c star deserves further 
investigation. 


vember, 1948, 


lines, the shortward components being much the stronger. 


bright lines superposed on broad dark lines. 


ary, and March, 1946. 


dark lines. Spectrograms taken in 1940, 1944, 1945, and 1946 show little change. Probably no 
change on a spectrogram taken by Miczaika at Heidelberg i in March, 1949, 


fuse. Coudé spectrograms taken in 1945, 1946, and 1947 show little or no change. The interstellar 
Cat lines are weak. 


wing or weaker component shortward. 


two components being separated by a well-marked narrow dark core. On other coudé plates taken on 


404 
MWC 
502 
503 
506 
508 
512 
519 
524 
527 
536 
f 
| 
i | Cau 
= 
567 
581 
582 
584 


. BD+60 
. MHa 295-100. A star of equal magnitude is south preceding 4’. 
. BD+66°83. This is the preceding and slightly brighter component of the double star Mowbray 1. 


Be AND Ae STARS 


June 3, 1944, and March 9, 1947, the hydrogen series from H8 shortward consists of weak diffuse 
dark lines. Miczaika reports the absence of emission lines in the blue-violet in September, 1948, and 
January, 1949, 


94. HD 162428. Miczaika reports the absence of emission lines in the blue-violet in March, 1949. 
. » Sgr. Measurements of a number of coudé spectrograms will be reported later. ; 
. AR Pav. According to E. Gaviola, of the Cérdoba Observatory, the spectrum is of M type. Since 


the Harvard observations have shown bright lines of H and Hew, it is probably a combination 
spectrum. 


. HD 174237. Miczaika reports the absence of emission lines in the blue-violet in September and 


November, 1948. A slight change may have occurred in the profiles of the absorption lines. 


. HD 230780. In Ap. J., 100, 100, 1944, Daniel M. Popper states that this star was erroneously an- 


nounced to have Ha emission. 


. HD 181606. On a one-prism spectrogram taken on August 26, 1945, H@ is a weak emission line 


on wider absorption. 
HD 181803. Ha is a strong bright line on a one-prism spectrogram taken on October 5, 1947. 


. 25 Cyg. On a coudé spectrogram taken on August 18, 1946, Ha appears as a double bright line of 


very low intensity. Miczaika reports the absence of emission lines in the blue-violet in September 
and November, 1948, 


. MHa 104-23. H8 is bright on a low-dispersion spectrogram taken by R. F. Sanford on August 13, 


1946. 


. HD 193182. One of the finest examples of a stable shell spectrum. On coudé spectrograms, disper- 


sion 10 A/mm, the narrow lines in the Balmer series can be measured at least to quantum number 
42. On a coudé spectrogram taken on October 13, 1948, Ha is a bright line with a strong central 
dark core. 


. 16 Peg. Miczaika reports the absence of emission lines in the blue-violet in September and October, 
8. 


194, 


. HD 235679. A one-prism spectrogram taken on November 1, 1944, shows the type to be cB3e. 


The singlet lines of He 1 are exceptionally strong. 


51. HD 239855. Ha is a strong bright line on a one-prism spectrogram taken on September 26, 1947. 


HB was bright on this plate and also on another taken on November 3, 1944. The type is B5ne. 


. HD 215605. Ha is a strong bright line on a one-prism spectrogram taken on October 5, 1947. The 


type is B(O)e. 


. HD 232207. HB is bright. The near-by star HD 232208 is of type AO without bright lines. 
. BD+61°122. HB is bright. 
. BD+52°131. HB, Hy, and possibly Hé have weak bright components superposed on wide dark 


lines. 


. MHa 295-109. A slightly fainter star follows 3’. 

. BD+63°82. The intensity of the bright Ha line may change. 

. MHa 295-102. BD +63°96 is 3’ south. 

. MHa 3-10. A star of equal magnitude is north preceding 4’; BD+60°114 is south following 6.’ 


HB and probably Hy are bright. 
114. HB is a strong bright line. Hy also is bright. 


Dr. Mowbray estimates the position angle to be 100°; separation 14’’; magnitude difference 0.6. 
Dr. R. G. Aitken writes that the duplicity had not previously been recorded. The following com- 
ponent is of type A. 


5. MHa 295-43. Halfway between BD+58°189 and BD+58°193. 

. (BD+56°251). South preceding of two stars of the same magnitude, separation 2’. 

. BD+56°259. The dark D1, 2 lines, probably interstellar, are strong. 

. HD 236737. Bright Ha was not seen on a slit spectrogram taken in September, 1948. The observa- 


tions suggest that the intensity of bright Ha decreased from 1938 to 1948. 


. BD+ 58°247. The weak bright Ha line appears to be unusually wide. 
. MHa 295-86. BD+61°282 is south following 3!5. H8 and probably also Hy are bright. The inter- 


stellar lines D1, 2, \ 6284, and A 5780? appear to be present. 


. HD 236794. H8 is bright. The interstellar lines D1, 2 and probably \ 6284 are present. 

5. BD+62°294. H® is bright. The interstellar lines D1, 2 and \ 6284 are strong. 

. BD+60°332A. South preceding component of the double star ADS 1381. 

. BD+63°300. H8 is bright. The interstellar D1, 2 lines are well marked. 

. MHa 237-30. 415 north of BD+62°357. Classified Be on a low-dispersion spectrogram taken by R. 


Minkowski; #8 and Hy are bright. 


. HD 13256. The interstellar lines H and K, D1, 2, and A 6284 are strong; \ 4430 is probably present. 


The HD type is G5. This would be an interesting spectrum for further observation. 


. HD 13590, Remark in HD: “The lines are narrow, and line K is as strong as in Class A2.’’ This 


star deserves further observations. 
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. (BD+59°465). A fainter star is south precedin: = Bel 
. MHa 343-85. Forms:an isosceles triang!e with +70°169 and BD+ 70°171. HB and possibly Hy 


are bright. 


. BD +56°579, HB appears to have a weak bright component superposed on a broad dark line. 
. Oosterhoff 2566; van Maanen 287. Bright lines were discovered by W. P. Bidelman, of Yerkes 


Observatory ( Ref. No. 795). HB and Hy were bright on a slit ttn, ae taken by him on Novem- 
ber 7, 1946; broad emission lines of Fe 11 also were visible. Bright Ha was independently detected at 
Mount Wilson; it is shown by objective-prism photographs on the following dates: November 12, 
1938; November 11, 1939; October 26, 1945; September 27, 1946; August 16, 1947. 


2. MHa 5-34. A slightly brighter star is south following 2’; BD+-56°608 is north following 4’. 
. BD +56°612. Bright lines were discovered independently by W. P. Bidelman, of Yerkes Observa- 


tory (Ref. No. 795). HB, Hy, and Hé are bright on a slit spectrogram taken by him on November 6, 
1946. These three lines are bright on a slit spectrogram taken at Mount Wilson on December 7, 
1946; they may be somewhat less intense on another plate taken on August 31, 1947. 


. MHa 5-55. BD+58°467 is south following 6’. HB and probably Hy are bright. 
. MHa 5-73. Makes an almost equilateral triangle with BD+57°573 and BD+57°577. 
. MHa 5-64. Precedes by 2’ a star of magnitude 9.6 and same declination. 


. HD 15963. A one-prism spectrogram taken on Mount Wilson on August 20, 1948, shows that Ha 
is a narrow dark line with bright edges and confirms W. P. Bidelman’s observation (Ap. J., 97, 
452, 1943) that the object is a shell star rather than a c star. 


. BD+60°523. H8 is bright. The interstellar lines D1, 2 and d 6284 are present. 
. HD 237006. The star is yellow. 18, Hy, and probably Hé are bright. The spectrum is peculiar, 


and the type is not well defined. The spectrum may have changed since the Harvard classification 
of KO. 


20. HD 237056. Bright 8 is well marked, and there is trace of emission at Hy. Bright Ha was inde- 


pendently discovered by D. M. Popper (Ap. J., 100, 94, 1944), who classified the spectrum B1nea, 
indicating that he did not see emission at Hp. Hence it is possible that the bright hydrogen lines 
vary in intensity. 

. RX Cas. Secondary component. 


. HD 20340. Discovered by F. J. Neubauer at Lick Observistory (see Ref. No. 801). 

. HD 20566. HB is a weak bright line. 

. BD+58°610. HB probably is bright. 

. HD 21641. H8 consists of a broad weak bright line superposed on a broader dark line. 


(BD+29°611). Northern and probably brighter of two stars 1’ apart. 


30. HD 26775. The interstellar line \ 6284 appears strong. 


. RW Per. Primary component. 
. HD 29441. Discovered to have bright lines by F. J. Neubauer at Lick Observatory. Remark in 


HD: “The lines are wide and hazy. H8 is suspected to be bright.’’ 


. MHa 1-37. Following and southern of three stars of equal magnitude 2'5 apart. H8 consists of a 


bright component superposed on broad absorption. 


. HD 30123. Although Ha is » very strong bright line, emission at 478 is weak or absent. This is an 


extreme example of behavior characteristic of late B-type stars. 


. HD 30353. W. P. Bidelman, of Yerkes Observatory, has discovered a narrow bright Ha line in this 


peculiar spectrum (see Ref. No, 796). He reports that ‘the radial velocity is definitely variable, with 
a K of 45 km/sec or more and a period of the order of a year.”’ 
. RS Cep. Primary component. 


. MHa 259-21. Follows by 2’a star of equal magnitude. The bright Ha line was discovered by A. H. 


Joy; HB and Hy are bright on a low- -dispersion spectrogram taken by him 


. MHa 6-56. 4’ north of BD+39°1118. H8 isa bright line of moderate intensity probably superposed 


on a shallow dark line. 


. BD+44°1072. On January 11, 1947, H8 and Hy had narrow ‘diets components, centrally super- 


posed on broad shallow dark lines. 


. BD+36°986. HB and probably Hy are bright. 

. MHa 6-39. BD+40°1174 is south preceding 5’. 

. HD 241570. H is bright. The interstellar line \ 6284 appears strong. 

. MHa 129-31. 18 is bright. 

. HD 243770. 2’ north of a star of the same right ascension and about the same magnitude. 

. HD 36012. Bright hydrogen lines were discovered independently by F. J. Neubauer at Lick Ob- 


servatory. 


. HD 36112. Ha consists of a strong bright component superposed on a broad dark line. At H8 the 


bright component, if present, is weak. 


. HD 244524. Class AO on a low-dispersion slit spectrogram taken by A. H. Joy on February 21, 


1946; Ha is a well-marked bright line. 
_ HD 244894. Bright Ha is not distinctly seen on an objective-prism photograph taken on November 
30, 1940; it may have been less intense than in 1946. 
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763. T Ori. A bright Ha line was found by George H. Herbig on a slit spectrogram taken at Lick Ob- 
servatory on September 27, 1945. 

764. HD 245493. Intensity of bright Ha appears to change. 

765. BD —6°1253. The spectrum bears some resemblance to that of T Tauri. 

767. HD 37352. HB appears to consist of two weak bright components superposed on a wide dark line. 

772. HD 37998. HB, Hy, and Hé consist of narrow bright components superposed nearly centrally on 
broad dark lines. Dark lines of He 1, Mg 11, and Si 11 resemble those of 8 Orionis, cB8. The follow- 
ing velocities have been measured on a one-prism spectrogram, 35 A/mm at Hy, taken by W. C. 
Miller on January 28, 1945: 


Km/Sec 


The H and K lines of Ca 1 are of moderate intensity and extremely sharp but yield the same veloc- 
ity as do the stellar lines. If they are interstellar, the stellar H and K are remarkably weak. The 
broad interstellar line \ 4430 is present. The spectrum merits further observation. 

775. HD 247221. Faintest and following of three stars, with intermediate declination. 

776. HD 247525. HB is a double bright line of moderate intensity. Hy and Hé have well-marked dark 
cores. The spectrum may have changed since the Harvard classification of FO. 

777. HD 248060. H8 is a well-marked bright line. Hy probably has a bright component. 

778. MHa 126-54. In IC 2144. A slightly brighter star is 2’ north preceding. Classified Bpe on a low-dis- 
persion slit spectrogram taken by R. Minkowski on January 23, 1947. Numerous bright lines of H 
and Fe 11 are visible. 

780. HD 248390. The type appears considerably earlier than F5 as given in HD. 

781. HD 248411. One-prism spectrograms taken on September 27 and December 21, 1947, and on De- 
cember 10, 1948, show a well-developed shell spectrum. Ha has two bright components of moderate 
intensity. The radial velocity on December 21, 1947, was —2 km/sec. 

782. ge tien north of BD+17°1043. Classified Be on a low-dispersion slit spectrogram taken by 

. Minkowski. 

783. HD 39680. H@ is bright. Bright hydrogen lines were discovered independently by F. J. Neubauer 
at Lick Observatory. 

788. DN Ori. Primary component. 

789. HD 250550. HB consists of a strong dark core with emission on the longward side. On a low-dis- 
persion slit spectrogram taken on January 14, 1946, the radial velocity derived from the cores of 
the hydrogen lines was — 159 km/sec. The star may resemble HD 31293 (see Pub. A.S.P., 60, 68, 

1948), 
: 790. MHa 252-10. BD+30°1113 is north following 1’. Classified Be on a low-dispersion slit spectrogram 
; taken by R. Minkowski; H8, Hy, Hé, and probably He are bright. 

791. MWC 252-25. BD+23°1226 is north following 2’. H8, Hy, and Hé are bright. The continuous 
spectrum is very strong in the red. 

795. HD 253215. 5’ south of BD+20°1309. 

797. HD 43059. HB, Hy, and possibly H6 are bright. f 

799. HD 43703. HB was independently suspected to be bright by Miss Jean K. McDonald at the a 
Dominion Astrophysical Observatory from slit spectrograms taken on November 15, 1946, and 4 j 
January 11, 1947. 

801. HD 255103. The interstellar line \ 6284 is present. 

803. HD 44351. Remark in HD: ‘The lines are narrow. The spectrum may be of Class A2.’’ The spec- 
trum is of the shell type. 18 consists of a well-marked dark core with a trace of emission on the 
shortward side. The accompanying tabulation shows the radial velocities that have been obtained. 


Pk | Date Disp. at Hy | H | Mu Ca u Inter. 
| 1946 (A/Mm) | (Km/Sec) (Km/Sec) (Km/Sec) 
Oct. 18 | 35 | +37 +39 +27 


804. HD 44674. 1 was independently found to bé bright by Miss Jean K. McDonald at the Dominion 
Astrophysical Observatory from slit spectrograms taken on November 20, 1945, and January 11, 
1947. 


i 
— 
"i 


PAUL W. MERRILL AND CORA G. BURWELL 


. MHa 271-34. Preceding, northern, and faintest of three stars forming an equilateral triangle, 1’ 
on a side. Classified Be on a low-dispersion slit spectrogram taken by R. Minkowski; H is bright. 
. HD 46056. Bright lines were discovered by F. J. Neubauer at Lick Observatory. He reports: “H8 
emission on four of the eight plates secured for radial velocity. Variable intensity.’’ One-prism 
spectrograms taken at Mount Wilson on November 22, 1921, December 15, 1942, and February 
23, 1945, show no definite emission at HB. 
. HD 258983. A slightly fainter star is north preceding 2’. 
. BD+2°1293, The interstellar line \ 6284 appears strong. 
. HD 47359. Bright HB was discovered by Carol J. Anger (Harvard Bull. 892). Bright lines were in- 
dependently discovered by F. J. Neubauer at Lick Observatory. He reports: “The hydrogen lines 
are apparently emission of variable intensity.”’ 
. HD 261520. Brightest star between BD+12°1233 and BD+12°1239, 
. MHa 260-28. 2’ north of BD+1°1487. A low-dispersion slit spectrogram taken by R. Minkowski 
shows that the spectrum is similar to that of » Carinae. A detailed description will be published 
later by Dr. Minkowski. 
. HD 49330. Discovered to have bright lines by F. J. Neubauer at Lick Observatory. He reports: 
“HB and also Hy emission. The intensity is stronger on two plates than their background. On two 
plates HB shows 2 doubling with a sharp absorption-line center.” 

Ha. was bright on an objective-prism photograph taken at Mount Wilson on February 10, 1940; 
it was also bright (but weaker?) on December 1, 1945, and January 31, 1946; it did not appear 
bright on a slit spectrogram taken on February 10, 1946. The bright lines seem to vary in intensity. 
HD 49699. The absorption lines are weak and diffuse. 

HD 50169. The intensity of the hydrogen emission is variable. The lines of Sr 1 are remarkably 
strong. This star deserves further investigation. 

. HD 50820. On the basis of several one-prism spectrograms taken in 1925 and 1926, J. S. Plaskett 
remarked (Pub. Dom. Ap. Obs. Victoria, 4, 15, 1927): ‘The Balmer lines of hydrogen are complex 
and probably variable. H8 is bright occasionally... .’’ The spectrum was classified B3 + Fn by 
Plaskett and Pearce (Pub. Dom. Ap. Obs. Victoria, 5, 131, 1931). A few spectrograms taken at 
Mount Wilson confirm the Victoria observations. Numerous metallic lines are visible. The hydro- 
gen lines are definitely variable; they were dark on November 18, 1932, and February §, 1936; 
they were bright on November 29 and December 21, 1947, and on January 4, 1948. The star de- 
serves further investigation. 

HD 266894. Precedes two slightly fainter stars by 4’. 

. HD 53667. The interstellar line \ 6284 is present. 

HD 54786. On a low-dispersion slit spectrogram taken on February 8, 1946, Ha, HB, and Hy are 
bright. There appear to be other bright lines; the spectrum may be peculiar. 

HD 54858. One-prism spectrograms taken in January, 1945, and February, 1947, show a shell spec- 
trum. H8 has a well-marked dark core with weak bright edges. On Febuary 9, 1946, Ha was a dou- 
ble bright line of moderate intensity. 

MHa 270-18. BD+3°1624 is south following 4’. 

(HD 57910). South preceding of two stars about 0'5 apart. 

RY Gem btr. Primary component. 

. MHa 62-48. BD—13°2043 is 3’ south preceding. Classified Be on a low-dispersion slit spectro- 
gram taken by R. Minkowski. 

. MHa 62-52. Two tenth-magnitude stars follow, 2’ north and 3’ south, respectively. Classified as 
probably Be on a low-dispersion slit spectrogram taken by R. Minkowski; 78 and Hy are strong 
bright lines. 

. HD 63359. A slightly fainter star is 1’ north preceding. 


53. HD 64566. Ha is a well-marked bright line superposed on weak absorption. 


. HD 81357. On one-prism spectrograms taken in January and December, 1948, Ha is a wide bright 
line, possibly double, superposed on wider absorption. 

. TT Hya btr. Primary component. 

. UX UMa btr. Primary component. 

. HD 149313. H8 and Hy are well-marked narrow bright lines. 1/6 probably has a weak bright com- 
yonent. 

. CD—42°11721. HB is a strong bright line. The spectrum appears to be peculiar. The He 1 line D3 
may be bright. 

. HD 153708. CD —26°11812 is 4’ south following. H8 consists of a weak bright line superposed on 
wide absorption. 

. CD—30°13795. HB is a strong bright line, probably double. 

. HD 154911. There is a strong dark line (or a defect in the film?) near \ 6410. 

. CD—40°11253. CD —40°11250 is 4’ north preceding. 1/8 is bright. The interstellar lines D1, 2 and 
probably 6284 are present. 

CD —38°11806. The interstellar lines D1, 2 and \ 6284 are present. 

CD —38°11837. A star of about the same magnitude is 4’ north preceding. The helium line D3 
is bright. The interstellar line \ 6284 is present. ; 
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. (HD 159071). A slightly brighter star is 3’ north. 

. HD 159845. Ha opeetes as a very weak bright line on objective-prism spectra MHa 46-9 and MHa 
50-10 taken in 1939. It is a weak, but unmistakable, bright line on another objective-prism plate 

taken on May 16, 1947. It is doubtfully bright on two slit spectrograms taken in May and June, 

1948. The line may have been weaker in 1948 than in 1947, 

. CD—30°14724. 2’ south of CD—30°14725. 

. CD—28°13607. An eleventh-magnitude star is 2’ south following. 

. HD 161774. On April 24, 1948, Ha was a well-marked bright line with absorption on the shortward 

edge. On June 24, 1948, H8 and Hy consisted of broad bright components superposed on wide ab- 


sorption. 
. CD—28°13624. CD —28°13621 is 1’ south preceding. 
. HD 163703. The only available slit spectrograms are very poor; bright Ha, if present, is weak. 
. HD 164246. Brighter and following of two stars of the same declination. 
. CD—25°12608. The interstellar line \ 6284 is present. 


5. CD—23°13851. Classified Be on a low-dispersion slit spectrogram taken by R. Minkowski. 


. HD 164950. The interstellar line \ 6284 is present. 

. HD 165970. The type appears to be earlier than AO as given by HD. 

. HD 166629. North preceding and brighter of two stars 1’ apart. 

. HD 166967. The radial velocity derived from the stellar lines on one plate is about +60 km/sec; 
that from interstellar H and K, —12 km/sec. 

. HD 167775. Strong absorption at the D lines. 

. F1-23. Extremely faint object in NGC 6611. The stars BD—13°4925 and 4926 are 2’ south pre- 
ceding. Discovered by R. Minkowski and classified Be on a low-dispersion slit spectrogram. 

. BD—13°4936. A star of about the same magnitude is 2’ south preceding. Classified Be on a low-dis- 
persion slit spectrogram taken by R. Minkowski; H8 and Hy are bright. 

. F1-20. A slightly brighter star is 1’ north. Discovered by R. Minkowski. A low-dispersion slit spec- 
trogram taken by him shows bright lines of Fe 1 and of [Fe 1]. 

. (HD 168897). A slightly fainter star is 1’ north following. 

. (BD—9°4713). North following of two stars 0'5 apart. 8 and Hy are bright. Interstellar Hand K 
are strong, and A 4430 is faintly present. 

. MHa 369-3. BD —7°4603 is 5’ north following. 


31. BD—14°5047. HB is a strong bright line; Hy also is bright. 
32. BD—14°5055. HB is a well-marked bright line. 


. HD 170638. Ha is not distinctly seen on a low-dispersion slit spectrogram taken on June 5, 1948. 
. F4-19. BD—17°5236 is 5’ north preceding; BD — 17°5238 is 5’ south. Discovered by R. Minkowski; 
a low-dispersion slit spectrogram taken by him shows numerous strong lines of Fe 11. 

. MHa 204-84. A slightly fainter star is 4’ north following; BD —9°4776 is 5’ south following. 

. HD 171757. HB, Hy, and probably Hé6 are narrow bright lines superposed on diffuse absorption. 

. BD—13°5073. H8 is bright. 


52. HD 173010. The interstellar lines D1, 2 and \ 6284 are present. 


. MHa 345-33. About 40’ preceding and slightly north of a faint WC star. H is a well-marked bright 


line. 
56. HD 173371. Ha is a rather wide bright line of low intensity superposed on a wider dark line. The 
other hydrogen lines are dark. The blue-violet spectrum appeared to be the same in 1947 as in 1940, 
1941, and 1942. 
. MHa 152-1. Precedes CD—23°14706 by 12 seconds. Discovered by Vyssotsky, Miller, and Wal- 
ther at McCormick Observatory (Ref. No. 808). The bright Ha line was independently detected at 
Mount Wilson. 
. MHa 204-22. A slightly brighter star follows 2’; BD—20°5268 is south preceding 11’. A slitless 
spectrogram taken by R. Minkowski on July 4, 1946, shows Ha and Hf to be bright. 
. BD—9°4858. HB and probably Hy and Hé are bright. 
. HD 174775. The bright Ha line is unusually narrow. Each line HB to He (possibly also Hf) con- 
sists of a bright component superposed on a broad dark line. 
. BD—3°4416. The bright Ha line is very weak; its intensity may vary. The intdrstellar line \ 6284 
is strong. 
. HD 177291. On June 8, 1947, H6 had a narrow bright component, possibly of the P Cygni type. 
Hy and Hé had strong narrow dark cores with little or no emission. The spectrum appears to 
of the shell type and probably deserves further observation. 
. HD 230579. The belgiber component of the double star ADS 12000. 178 is a well-marked bright 
line. Interstellar H and K are strong. 
. HD 179343. This is an excellent example of a shell spectrum. Ha is a well-marked double bright 
line. At HB weak emission is divided by a strong dark core. The other hydrogen lines have strong 
narrow cores with wide diffuse dark wings. Lines of Fe u, Ti 11, Ca 11, and other ionized metals are 
sharp. Table 3 gives the radial velocities obtained from coudé spectrograms, dispersion 10 A/mm. 
HD 181308. 18 is a weak bright line superposed on wide absorption. 
BD+30°3526. A shell spectrum of advanced type. 
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WW Vul. George H. Herbig found Ha to be bright on a series of slitless spectrograms taken at Lick 
Observatory in 1945. He found the radial velocity to vary between the limits +60 and —30 km/sec. 
HD 183656. W. P. Bidelman, of Yerkes Observatory, writes: “‘A [one-prism] plate taken on May 3, 
1949, shows a strong apparently single emission line at Ha. This is a B6 star approximately with a 
shell showing strong and fairly sharp H absorption lines and Fe absorption lines about the 
strength of an AO giant. The helium lines are very broad, due to rotation.” 

On acoudé spectrogram taken at Mount Wilson on June 11, 1949, Ha hasa strong dark core with 
bright borders, the emission on the longward side being much the stronger. D1 ard D2, Na1 are 
strong and narrow. A few narrow lines of Si and Fe 11 are present. 


. MHa 215-39. BD+24°3835 is 4’ south preceding. H8 is probably bright. 
. (BD+17°4100). A fainter star is 3’ north following. 

. HD 225985. Hf is probably bright. Interstellar H and K appear weak. 

. MHa 215-21. A fainter star is 3’ south following. 

. HD 226857. A slightly fainter star is 3’ north following. 

. HD 190150. H is bright. 

. HD 227319. A fainter star is 3’ north following. 

. SW Cyg. Primary component. 

. VW Cyg. Primary component. 

. HD 228707. BD-+36°3982 is about 1'5 south preceding. 


TABLE 3 
RADIAL VELOCITIES OF HD 179343 


H 


No. | Km/S . | Km/Sec | wo 


Km /Sec 


1948 June 17 —12.8 


| 
1947 July 1 | —10.8 | 20 —12.7 
Aug. 15 — 9.6 | 
| | 


(BD+29°3982). North following of two stars about 0'5 apart. Probably a shell star. 


. FHa 3-39. BD+36°4011 is 5’ north following. 
. MHa 148-26. BD+36°4032 follows by 1’; a tenth-magnitude star is 1’ south preceding. 
. HD 194839. The interstellar lines \\ 4430, 5780, and 6284 are very strong in the spectrum of this 


highly reddened star. Bright Ha is wide and weak. 


. MHa 76-41. Another tenth-magnitude star is 8’ following; BD+37°3939 is 5’ south following. HB 


is bright. There may be a weak emission line about 30A longward of Ha. 


. 1 Del. Discovered to be a shell star by W. P. Bidelman, Yerkes Observatory. On spectrograms tak- 


en at Mount Wilson on May 8 and June 11, 1949, Ha isa sharp dark core with weak bright borders 
of nearly equal intensity. D1 and D2, Nat, are strong and narrow. Numerous narrow lines of Si 11 
and Fe I are present. 


. HD 195358. Ha is a wide bright line, possibly double. 
. MHa 76-36. BD+41°3773 is 5’ north following. Classified Be on a low-dispersion slit spectrogram 


taken by R. Minkowski; Hf is bright, as are also one or two lines of He 1. 


. BD+46°2948. HB and probably Hy are bright. 
3. BD+47°3129. A star of about the same magnitude is 5’ north preceding. 
. W Del. Primary component. 
. (BD+47°3148). A slightly fainter star is 1’ north preceding. 
. HD 197419. Ha was first observed to be bright on July 22, 1944; earlier spectrograms showed no 


emission. 


27. HD 197434. Ha is a double bright line. The other hydrogen lines have sharp dark cores. Probably 


a shell star. 


. MHa 76-49. BD+41°3880 is 5’ south following. The interstellar lines \ 5780, D1, 2, and A 6284 


are strong. 


. MHa 255-8. BD +44°3573 is 6’ south following. Classified Be on a low-dispersion slit spectrogram 


taken by R. Minkowski; H@ is bright. 


. BD+44°3594. HB is bright. 

. HD 198931. H8 is bright on a one-prism spectrogram taken on July 18, 1947. 

. HD 239510. H8 is a weak bright line. The drop in intensity from Ha to H@ is remarkably abrupt. 
. BD+47°3231. H8 is a weak bright line superposed on broad absorption. 
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1036. MHa 235-10. BD+38°4322 is 4'5 south preceding. Hf is bright. 

1038. ew 170-10. Forms an isosceles triangle with BD+55°2519 and BD+55°2521. HB probably is 
right. 

1042. HD 239618. H8 and Hy are bright. 

1045. HD 239667. H6 appears to be a weak bright line. The decrease in intensity from Ha to H is very 


abrupt. 

1046. AQ 7 Primary component. 

1047. HD 239712. H8 is a weak bright line. 

1048. BD+43°4040. HB and Hy are bright. 

1051. MHa 258-56. A star, magnitude 9.5, with the same declination, precedes by 1‘5. The bright hy- 
drogen lines are very strong with a relatively slow Balmer decrement. Beginning with Ha, more 
than ten lines are visible on a low-dispersion spectrogram taken by R. Minkowski on October 22, 
1947. The broad dark lines on which the bright lines are supe d gain in relative intensity to- 
ward the limit of the series, giving the spectrum a curious confused appearance in the A 3700 re- 
gion, where successive members of the series appear to overlap. A few bright Fe 1 lines are present 
in low intensity. 

1052. BD+44°4014. Strong dark narrow lines of H and of Ca 0 with weak diffuse lines of He 1. Traces of 
lines of Fe 1. Probably a shell spectrum. 

1053. BD+54°2684. H8 and probably Hy are bright. 

1054. MHa 258-66. A slightly fainter star with the same declination follows by 1/5. 

1055. MHa 258-67. BD +-53°2793 is north following almost 4’. A low-dispersion slit spectrogram taken 
by R. Minkowski shows the spectrum to be of the P Cygni type. The hydrogen lines are bright 25 
as far as H¢. The Balmer decrement is slow. 

1056. BD+52°3147. Probably a shell spectrum. The intensity of bright 7a may vary. 

1059. HD 212666. Bright Ha is weak, but distinct, on an objective-prism spectrogram taken on Decem- 
ber 1, 1945. It is not distinctly bright on several previous plates of slightly inferior definition or on 
a low-dispersion slit spectrogram taken on July 18, 1947. The intensity of the line may vary. 

1060. HD 235834. HB has a weak bright component superposed on a rather strong dark line. ; 

1061. BD+57°2525. This is the fainter and southern of two stars. H8 and Hy are well-marked bright 
lines. Bright Ha was independently discovered by Morgan and Bidelman. 

1062. BD+-62°2086. Slit spectrograms taken on October 19, 1946, and June 21, 1947, show a strong 
bright Ha line. A slit spectrogram taken on October 4, 1946, shows a strong dark Ha line; unless 
this plate was of the wrong star, the spectrum is subject to quick change. 

1063. MHa 258-91. The brightest star within a radius of 3’. 

1065. MHa 258-14. A slightly brighter star is 1’ south following. 

1066. AC+57°60492. Discovered by Morgan and Bidelman. Bright Ha was independently detected at 
Mount Wilson. 

1068. AC+57°60603. Discovered by Morgan and Bidelman. Bright Ha was independently detected at 
Mount Wilson. 

1071, AC+57°60716. Discovered by Morgan and Bidelman. Bright Ha was independently detected at 
Mount Wilson. 

1072. BD+57°2615. H8 is a bright line of low intensity on a low-dispersion slit spectrogram taken by 
R. F. Sanford on July 30, 1944. Bright Ha was discovered independently by Morgan and Bidelman. 

1073. AC+57°61101. Discovered by Morgan and Bidelman. Bright Ha was independently detected at 
Mount Wilson. 

1074. HD 216411. The broad, unidentified interstellar line \ 4430 is strong in this space-reddened c star. 

1075. HD 216629. The brighter component of the double star ADS 16341. 

1076. HD 236031. See description in Pub. A.S.P., 60, 68, 1948. This interesting shell spectrum deserves 
further observation. 

1080. MHa 256-39. A star of about the same magnitude and declination precedes by 5’. Classified Be on 
a low-dispersion slit spectrogram taken by R. Minkowski; H@ is bright. 

1081. HD 220300. A well-developed shell spectrum. The hydrogen lines from H8 shortward have strong 
narrow dark cores with a slow Balmer decrement. Several metallic lines are visible. 

1082. FHa 7-5. BD+60°2616 is 3’ north following. H8, Hy, and probably H6é are bright. 

1083. HD 223036. On an objective-prism spectrogram taken on September 25, 1946, the bright Ha line 
appears very weak but fairly distinct. It is not seen on a comparable plate taken on September 8, 
1945, but is bright on a slit spectrogram taken on June 11, 1949. 

1084. HD 223044. 8 is bright and Hy may have a bright component. Several interstellar lines are 


strong. 
1086. BD+71°1238. HB is bright. 
STARS HAVING SHELL SPECTRA 


The term “shell” provides a convenient designation for a small group of interesting 
stars, chiefly of types B and A, in whose spectra narrow dark lines bear evidence of hav- 
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ing been produced in a region of unusually low density and hence probably in a stratum 
higher above the photosphere than the normal reversing layer.* 

A tentative list of typical shell stars is in Table 4. The list is incomplete because several 
important groups have been omitted: (1) stars in whose spectra the P Cygni character- 


TABLE 4 
PARTIAL LIST OF SHELL STARS 


Designation 1900 1900 


R.A. Dec. 
| 


+60° 11’ 
+50 11 
+57 38 
+47 51 
+23 51 


+40 53 
+21 5 
+28 14 
—16 29 
+14 21 


0 
— 6 58 
+5 357 
651 


Oe 


Pleione 
HD 33232 
¢ Tau 

HD 248411 
17 Lep 
HD 44351 


HD 45677 
8 MonA 

HD 45910 
HD 50138 
HD 54858 


HD 58978 
48 Lib 
HD 155851 
XX Oph 
HD 172694 


HD 177291 
HD 179343 
BD+30°3526 
HD 183656 
HD 187399 


HD 190073 
HD 192954 
HD 193182 
BD+29°3982 
1 Del 


HD 195407 
HD 197434 
BD+44°4014 
BD+52°3147 
HD 217050 


HD 218393 
HD 220300 


AES 


—22 53 
—13 59 


mn 


wit 


— 
— 


+1+11 
000 


NO 


istic is predominant; (2) symbiotic stars (combination spectra), such as Z Andromedae, 
which at times exhibit shell spectra; (3) four special stars, HD 31293, 31648, 163296, 
236031, whose spectroscopic behavior bears some resemblance to that of shell stars. In 
some of the stars listed in Table 1 the shell spectrum is not continuously present. 


5 For a brief description of a typical shell spectrum see Pub. A.S.P., 61, 38, 1949. 


245 1° 1-33 
717..........| HD 15963 
3 29 
3 43 
5 
6 | 
6 190 —10 | 
| 184 -7 |- 
| 
7 
1 
| 17 
| 18 —18 51 345 
| 19 +22 5 
| 19 +30 58 32 | 
| 19 +314 | | 
| 19 429 10 | 33 
19 $8.1 | +523 | 14 | 
SS | 2012.6 | +1533 | 25 
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REFERENCES TO Be AND Ae STARS 


Nearly all the articles listed were published during the years 1943-1948, inclusive. 
Certain articles published early in 1949 and a very few prior to 1943 are included. The 
numbers continue those in the Second Supplement,' which, together with the original 
Catalogue, should be consulted for material published prior to 1943. 


TABLE 5 
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MEASUREMENTS IN THE SPECTRUM OF THE SHELL STAR HD 218393 


W. MERRILL 
Mount Wilson and Palomar Observatories 
Received July 20, 1949 


ABSTRACT 


The profiles and displacements of various hydrogen lines present complex and changing patterns. 
Various members of the Balmer series frequently yield quite different displacements on the same plate. 
The term “Balmer progression” is suggested to indicate the trend of measured radial velocity from suc- 
cessive lines of the series. Lines of ionized metals vary in intensity; their displacements usually correspond 
to those of the hydrogen lines toward the limit of the series. 


The detailed spectroscopic record of the star HD 218393! began with the remark in 
the Henry Draper Catalogue that “the lines are very narrow, and the intensities resemble 
those in the spectrum of a Cygni, HD 197345.” A bright Ha line was detected at Mount 
Wilson in 1920, and the star was accordingly listed as MWC 397 in the Catalogue and 
Bibliography of Stars of Classes B and A Whose Spectra Have Bright Hydrogen Lines.” 

Short studies of the spectrum have been made by W. E. Harper (1921 and 1932),* 
P. W. Merrill (1922-1929),4 and by Swings and Struve (1939).> A more extensive investi- 
gation by O. Struve® in 1943 confirmed the complicated behavior previously observed 
and showed that rapid changes sometimes occur. The changes were believed to be caused 
by atmospheric surges “resembling prominence action” rather than by orbital motion. 
The object is now considered a shell star rather than a c star, the resemblance to a Cygni 
noted by Miss Cannon being variable and incomplete. 

The present article records measurements of 34 coudé spectrograms, dispersion 10 
A/mm, taken at Mount Wilson during the years 1943-1948. The Ha line was photo- 
graphed on four additional plates, dispersion 20 A/mm. 


HYDROGEN LINES 


A detailed study of the Balmer series of hydrogen lines appears to offer a useful meth- 
od of attack on the complicated problems of shell stars. A complete study of the profiles 
of these and other lines will eventually be needed. In the meantime considerable informa- 
tion may be obtained from the measured displacements. It frequently happens that all 
lines of the Balmer series do not yield the same velocity but exhibit a definite trend from 
Ha or HB toward the limit of the series. Just as the decrease in intensity along the series 
is known as the “‘Balmer decrement,” so the trend of the measured radial velocity from 
successive lines may be called the ‘Balmer progression,” positive if the values become 
algebraically larger toward the limit of the series, negative if they become smaller. Pro- 
gression-curves, such as those in Figures 1 and 2, form a convenient method of exhibiting 
certain phases of the complicated behavior of hydrogen. They can be used for studying 
changes in an individual star as well as for comparing various stars. Moreover, they form 
a possible approach to the important problems of stratification in extended stellar at- 
mospheres and of velocities and accelerations of atoms above the photosphere. 


11900 R.A. 23426; Decl. + 49°40’; Mag. 6.8; Spectrum Ape. 

? Merrill and Burwell, Mt. W. Contr., No. 471; Ap. J., 78, 87, 1933. 

3 Pub. Dom. Ap. Obs. Victoria, 7, 1, 1937. 

*Mt. W. Contr., No. 409; Ap. J., 72, 98, 1930. 

5 Ap. J., 91, 590, 1940. 6 Ap. J., 99, 75, 1944. 
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Fic. 1.—Plots of velocities derived from successive hydrogen lines showing various degrees of positive 
progression. 


RADIAL VELOCITY, 


° 
6e4420 


4 


20 i} 10 5 
QUANTUM NUMBER IN BALMER SERIES 


Fic. 2.—Plots of velocities derived from successive hydrogen lines. Above, a series with two com- 
ponents; below, a series with negative progression. 
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The hydrogen lines in the spectrum of HD 218393 vary from plate to plate in intensity 
and structure. Emission is intense at Ha, weak at HB, and absent or only faintly visible 
at Hy. On about half the spectrograms the dark hydrogen lines are fairly narrow and 
nearly symmetrical; on most of the others the dark core is accompanied by a wing, vsual- 
ly on the longward side. On several plates the wing was measured separately, but on onl 
one or two (e.g., Ce 3123, Fig. 2) do the lines appear actually double. Toward the limit 
of the series the wings nearly always gain in intensity with respect to the cores; this ap- 
pears to be true whether the wing lies on the longward or the shortward side of the core. 
This behavior is naturally reflected in the measurements of displacement and in the pro- 
gression-curves; thus it happens that toward larger quantum numbers the curve usual!y 
tends in the direction of the wing. This curious circumstance deserves further study. 

Progression-curves were drawn for all suitable plates (Table 1); five typical examples 
are reproduced in Figures 1 and 2. As in HD 45910,’ two types of progression appear: 
(4) a fairly uniform change in velocity extending over all the lines measured and (B) a 
rapid change, shown by a few lines of longer wave length, probably due, at least in part, 
to the emission components. The two types of progression may occur singly or together. 

The displacements are not easy to interpret; on many plates they cannot be well rep- 
resented by a single value. Hence in Table 1 values are given for points on the progres- 
sion-curves corresponding to H 5 and H 25 near the ends of the measured portion of the 
series. Displacements of two components are recorded for a few plates. Many measure- 
ments are undoubtedly of blended lines. The cores have a velocity range from plate to 
plate from about —40 to +10 km/sec; the wings, if regarded as separate components, 
exhibit a much larger range, from —110 to +60 km/sec. There seems to be little corre- 
lation between the displacements of the cores and those of the wings. 


LINES OF IONIZED METALS 


As in other shell spectra, lines of ionized metals vary radically in intensity and posi- 
tion. On two or three plates only are they strong and numerous. The numbers of lines 
measured on Ce 3607 are shown in the accompanying tabulation. The displacements 


usually correspond to those of hydrogen lines toward the limit of the series (see Table 1). 

The Ca 1 Jines H and K are usually blends of stellar and interstellar components. On 
seven plates on which it appears that the interstellar components can be measured sepa- 
rately, the mean radial velocity is — 10.2 km/sec. On twenty-seven plates where the in- 
terstellar lines are probably blended, the mean velocity is —12.9 km/sec. The small 
residual space velocity in a direction about 14° from a null point of galactic rotation indi- 
cates that the absolute magnitude is less than that of a c star. 

It is hoped that a partial interpretation of some of the spectroscopic phenomena of 
HD 218393 can be made later in an intercomparison of several shell spectra. 


7P. W. Merrill, Mt. W. Contr., No. 751; Ap. J., 108, 481, 1948. 
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TABLE 1 


RADIAL VELOCITIES FROM VARIOUS LINES 
(KM/SEC) 


Date H5 
1943 July 
Sept. 


lt 


+ 
+ 
+ 
4+ 


* Values recorded to one decimal! refer to interstellar lines; those inclosed in parentheses are uncertain or refer to blends of 
stellar and interstellar lines. 

t Ce 3219, 3225. The hydrogen lines consist of dark cores with longward wings. On the second plate the wings have dra’ 
in and become weaker. The measures are unsatisfactory because they probably represent various pera of thendion a pt 
and wings. On the hypothesis of two components (variously blended), the radial velocities would be about —20 and +60 km/sec. 

t Ha. 

§ Ce 4056. Measured displacements of the cores and the wings of the Ca 11 lines are (—14) and +37 km/sec, respectively. 

!! Ce 4933. Measured displacement of the interstellar calcium lines is —10.8 km/sec. 


| | 

Ce | | #25 Mu | Ca u* 

| 6 56 +59 
3 | 22 | —19 (—18) 

10)? | +6 | +76 (+54) — 

Nov. 13 27 — 6 (—12) 

16)? —2 (-1i) 
3363..........| 1944 Jan. 16 | (—26) (—16) 
Aug. 3 2 | (- 9 | —2 | (—7) 
Aug. 4 —13 | (—15) 
Sept. 6 4 +5 | +1 (8) 
Sept. 7 +5 | (-6 

| 8 : + | +10 | 8) 

Oct. 9 28 — 10 | (+ 3) | 
6) | (+22) | (+417) | +60 
3990..........| 1945 Sept.25 | 19 | — | —23 (—16) 
Sept. 26 | | =-22 | (17) 

Oct. 23 30 | | —24 (—19) 
Nov. 19 37 + 32 (45 
4420..........| 1946 Sept. 14 3 
| 3 | (— 16 | 

Oct. 6 23) | 34)? (—14) |. (—14) 

| 1948 Jan. 3 — | + 32 | +32 | — 8.7 


BRIGHT-LINE STARS AMONG THE TAURUS DARK CLOUDS 


ALFRED H. Joy 
Mount Wilson and Palomar Observatories 
Received September 8, 1949 


ABSTRACT 


On objective-prism photographs of three areas of the Taurus dark clouds, 40 faint stars with Ha 
emission were discovered. Slit spectrograms of 35 of these stars were examined for the purpose of finding 
spectral peculiarities which might be attributed to interaction between the stars and the surrounding 


clouds. 
Except for two stars of type Be which are probably not involved in the clouds and one peculiar A4e 


star, the stars are main-sequence stars of late spectral type and low luminosity. The stars are con- 
centrated in small regions in or near areas of great obscuration. If these stars are of normal luminosity 
and are at the distance of the clouds, their apparent magnitudes are generally too faint as a result of 


space absorption. 
The spectra show many of the characteristics previously found in the T Tauri variables. The hydrogen 


and Cat (H and K) bright lines are extremely strong in spectral types dGe-dM2.5e. Emission lines 
of Het, Fet, Fe, and [S ] decrease in intensity in later spectral types in the two Taurus areas but are 


practically absent in stars of the area in Orion. 
Related stars.—A few stars with similar spectra, located in other regions of the sky are discussed for 


comparison with the Taurus stars. 
Radial velocities —The approximate radial velocities from emission and absorption lines were meas- 


ured. The differences, emission minus absorption, seem to be greatest for the earlier types, which 
also show the strongest T Tauri characteristics. 


The relationship of the T Tauri variables to the Milky Way obscuring clouds was pre- 
viously noted.! The emission lines of hydrogen and calcium (H and K) appear in great 
intensity in such variables and are easily detected in low-dispersion spectra. For the pur- 
pose of identifying additional stars of this kind, objective-prism photographs on red- 
sensitive 103a-E emulsions were made with the 10-inch /5.2 refractor. The lens of this 
telescope is corrected for red light, making it particularly suitable for discovering stars 
with bright Ha. A yellow filter was used to exclude the blue and violet light, and, as a 
result, H and K do not appear. 

Two regions about 15° square in Taurus and one in northern Orion were photographed 
by W. C. Miller (Table 1). The spectra were somewhat widened during exposure. The 
red continuous spectra of stars as faint as the fourteenth magnitude may be seen, and 
the bright Ha line alone, of stars a magnitude or more fainter. 

On these plates, previously unknown bright Ha was detected in the spectra of 40 faint 
stars. In general, the distribution of the stars indicates a marked relationship to the lanes 
of dark nebulosity. The stars appear to be located on the peripheries rather than in the 
centers of the obscuring clouds. 

Later, slit spectrograms of 35 of these stars were obtained at the 100-inch telescope in 
order to check the emission lines and to determine other spectral characteristics. A dis- 
persion of 220 A/mm at Hy was generally used, and usually only one spectrogram of each 
star was obtained. A preliminary report of the results was given in 1946. 

In Table 2 the stars with Ha in emission are listed in order of right ascension, together 
with the measured radial velocities of the emission and absorption lines. The displace- 
ment of the bright lines relative to the absorption lines are in the eighth column. Fig- 
ures 1-5 are enlarged identification charts, photographed on 103a-C red-sensitive plates 
at the 60-inch telescope by Dr. R. Minkowski. 


1A, H. Joy, Mt. W. Contr., No. 709; Ap. J., 102, 168, 1945. 
2A. H. Joy, Pub. A.S.P., 58, 244, 1946. 
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BRIGHT-LINE STARS 


THE STARS OF EARLY SPECTRAL TYPES 


Two stars of the list, MHa 259-21, mag. 12, and 265-12, mag. 9.2, are Be stars with 
rapid decrement of the hydrogen emission lines. The continuous spectra extend into the 
ultraviolet region, and the K lines appear weak in absorption. In the first star, bright 
Ha is strong, but the emission series ends with Hy; the ultraviolet absorption lines are 
weak. In the second star, 1 is barely visible in emission; the dark hydrogen lines from 
Hy shortward are wide and strong. Both stars are outside the areas of dense obscuration 
and may not be greatly affected by interstellar absorption. If we disregard absorption ef- 
fects, the difference of about 3 mag. in their apparent magnitudes indicates a consider- 
able difference in distance, and both are probably well beyond the clouds. 

Another star, MHa 265-13, MWC 497, is peculiar and may be affected by its apparent 
location in the densely obscured region just south of Barnard 122. The spectrum shows 
strong bright Ha with a steep decrement of the hydrogen series shortward. Beyond Hé 
the Balmer series has strong deep absorption lines. If the star is at the distance of the 
clouds, its brightness must be dimmed by about 5 mag.; nevertheless, it is not greatly 
reddened. The presence of d 4068 [.S 11] and \ 4233 Fe 1 in emission indicates that the 


TABLE 1 
OBJECTIVE-PRISM OBSERVATIONS 


CENTER 


No. oF 
Bricut Ha 
STaRs 


Exposure 
(Mw.) 


PLATE Date 
a (1900) 6 (1900) 


4b 32m +16° 22’ 1945 Nov. 3 240 
5 30 1946 Jan. 26 180 9 


4 32 26 22 1945 Dec. 1 270 26 


star is probably involved in nebulosity. Forbidden iron lines are present on all four 
Mount Wilson plates, but in variable intensity. They are wider and stronger than those 
observed in the companion to a Scorpii by Wilson and Sanford.* According to Struve 
and Swings,‘ the Fe 11 lines in the companion to a Scorpii may have their origin in a 
“small nebulosity” surrounding the companion and are influenced in some way by the 
supergiant M-type primary star. Similar interactions may be at work between MHa 
265-13 and the dark cloud in which it is probably imbedded. 

The measures of the dark lines on four plates, dispersion 110 A/mm at H7, indicate 
large and rapid variations in velocity, while the bright-line velocity is either constant or 
nearly so (Table 3). The peculiarities of the spectrum were independently discovered 
by G. H. Herbig (letter, January 19, 1948). 


STARS WITH LATE-TYPE SPECTRA 


The spectroscopic data of the stars of late type are in Table 4. Intensity estimates of 
some of the important emission lines were made. The computed total absorption for each 
star is in the last column. These values are the differences between the apparent magni- 
tude, corrected for a distance modulus of 5.0 mag., and the main-sequence absolute mag- 
nitudes of the Russell diagram. The absorption may be due to material of the clouds in 
the line of sight or to envelopes immediately surrounding the stars. The negative values 
indicate that the estimated apparent magnitudes are too bright, the modulus too large, 
or the estimated spectral type in error. The magnitude estimates are rough approxima- 


3 Pub. A.S.P., 49, 221, 1937. “Ap. J., 92, 317, 1940. 
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TABLE 2 
OBSERVATIONS OF STARS WITH Ha EMISSION 


VeLocity 


DATE oF 
(1950) (1950) Suit Spec. 
Bright |Absorption| Br. —Abs. 


(Km /Sec)} (Km/Sec)| (Km/Sec) 


+28° 3’ 
+26 41 
+26 39 
+28. 
+28 13 


| 
w 


MHa 259-3. ... 
259-22... 
259-23... 


Nd 
mos 00 G0 
CON 


4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
+ 
5 
5 
5 
5 
5 
5 


NN 


265-12... 


NOTES TO TABLE 2 


. Spectrum veiled by continuous emission, extending into the ultraviolet. Balmer series extends to 
H14. This star is described by Struve and Swings, Pub. A.S.P., 60, 61, 1948, under the heading “An 
Unusual Stellar Species.”” They emphasize the shortward intensity of the continuous spectrum and 


the hydrogen series. 
. BP Tauri, 11.7-12.8 pg. mag. Spectrum heavily veiled by continuous emission. Balmer series to H17. 


. Spectrum veiled by continuous emission. 

. Barnard No. 100, Pl. 5, Atlas of Selected Objects in the Milky Way, ‘‘a very minute bright nebula.” 
Many emission lines of ionized and neutral atoms. Spectrum partially veiled by overlying continuous 
spectrum. Found independently by G. H. Herbig at the Lick Observatory (letter, Jan. 19, 1948). 

. Double star, separation 16’’+. Good absorption-line spectrum. 

. Spectrum heavily veiled by continuous emission. Balmer series to H19. . 

. Spectrum partially veiled by continuous radiation. Balmer series to H19. 


STAR Notes 
| 
| 14 Jan. 23| +31 | -19 | +50 
14.5 Jan. 23} +19 +6 +13 
250:S.... 14 Jen. 191 ~19 | | +29 
259-6s. . . | +28 9] 14 jen. 191 | | 1 
259-6n... | +28 10} 15 1948 Jan. 1} +56 | +44 | +412 
959-7... | +29 0} 12 1945 Dec. 12} -—29 | —39 | +10 2 
250-8... | 427-481 13 — 2.1 
259-11... | +2535] 12 Bec. | 3 
259-9sf... +26 28| 13.5 Dec. 30} +37 | +37 0 5 
257-2... | +17 26] 12.5 Mar.12| +26 | +12 | +14 7 
259-13... | +2515} 13.5 Feb. 20} —54 | +16 | —70 3 
259-20... | +2245] 13 Jan. +5 | +47 | -42 6,15 
| | +18 4] 13 Pb. 71 = 44 3 
259-17... | +2424] 14 Feb. 6| +13 | 434 | 422 | 45 
259-18... | +24 9] 12.5] 1945 Dec. 30/ —8 | +19 | —27 
259-15... | +26 6] 14 Sept.20} -19 | +14 | —33 6 
259-24... +2515] 15 1948 Jan. 2} +1 | +15 | —14 
257-2... +16 13.5] 1946 Oct. 16] +1 
259-2... +29 20} 12.5 jen. | +83 | 8 
965-2... | +1149] 9.2 
265-6... | #1212] 13 Feb. | +31 
205-9... | a? SAS Oct. 17| +40 | +40 0 
1 
2 
4 
5 
6 
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NOTES TO TABLE 2—Continued 


. Following star of double, separation 4’’, nearly equal components. Wide emission lines. The preced- 
ing star of the pair, dFO, has no bright lines; possibly an optical companion. 

9. Two spectrograms, December 29, 1945, and February 13, 1947. On the second plate, taken inde- 
pendently by R. Minkowski, the bright lines were about twice as strong as on the first plate. The 
mean velocities are given. 

10. B3e. HB and Hy are bright. 

11. Preceding star of two, separation 20’ +, equal magnitudes 

12. Star just preceding Barnard et Chart 6, Allas of Selected Objects in the Milky Way. Two plates, 
January 15 and January 27, 194. 

13. A4ep. MWC 497. Star south of Scat 122. Four plates (see Table 3). 

14. B9e. HD Ext. 244524; B9; BD+ 10°803. 

15. A letter (October 17, 1949) from G. H. Herbig identifies 259-20 with CI Tau and 259-17 with 

AA Tau. 


tions, largely based on the strength of the spectra on the objective-prism plates and on 
the apparent brightness on the slit of the spectrograph at the time of observation. The 
large scattering in the values of the absorption indicates that the stars are differently af- 
fected by their environment or that they are differently situated with reference to the 
obscuring material as seen from the earth. The presence of selective absorption at short 
wave lengths cannot be readily evaluated because of the unmeasured effect in many 
stars of an unknown hot source which produces an overlying continuous spectrum, 
strong in the violet region. 

For intercomparison the stars of the three areas are grouped’ together. The stars of 
Plate 259, numbering 22, may be separated into three subdivisions, depending on the 
spectral type and the presence of certain emission lines. Since only one observation of 
each star has been made, it may be necessary to revise the classification of some stars if 
later spectrograms show large changes in the spectra. 

Plate 259, group a, the T Tauri stars.—The spectra of the stars of Plate 259, group a 
(Table 4) are like those of the T Tauri variables at certain phases, and there can be little 
doubt that they are similar in nature, although reports of changes in light are, thus far, 
lacking. They may be classed as G type; absorption lines are too few to justify a more 
accurate estimate of type. The emission lines are numerous. H and K (Ca 11) are stronger 
than Hé and are among the strongest bright calcium lines observed in any stars. The line 
\ 4063 Fe 1 and many lines of Fe 11 are prominent in all four stars. In two stars, \ 4068 
[S 11] appears in low intensity. The Balmer lines are strong and extend with slow decre- 
ment shortward to H18 or 19. The absence of absorption lines is due both to emis- 
sion within the lines and to a veiling of the spectrum by an overlying continuous radiation 
such as occurs in many of the T Tauri variables and perhaps in the dwarf Me stars of 
low luminosity.> While none of these four stars has the extreme peculiarities of RU 
Lupi or SZ Tauri, all so closely resemble certain of the T Tauri variables that it seems 
quite probable that they also vary in light. 

Consideration of the apparent magnitudes and luminosities of the stars of this group 
indicates either (1) that they are far beyond the Taurus clouds, (2) that they are defi- 
nitely underluminous for G-type stars of the main sequence, or (3) that their apparent 
brightness is diminished 1-4 mag. by obscuration. The apparent concentration of the 
stars in the Taurus dark lanes and their peculiar spectra indicate beyond doubt that they 
are associated with the clouds. The impact of the particles of the clouds produces the 
bright lines and the hot veiling continuous spectrum. Observations of color are needed, 
but the spectra seem to show that the radiation received is not particularly weakened 
in the ultraviolet region, even though obscuration of several magnitudes may be present. 
This same conclusion was reached by Struve and Swings‘ in regard to the MHa 259-6 in 
B10. 


5 Joy and Humason, Pub, A.S.P., 61, 133, 1949. 


§ Pub. A.S.P., 60, O1, 1948. 
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Fic. 1.—Charts of bright Ha stars. Scale 1 cm=3' 


al 
| 
i 
j » | 
| 
| 
~ 259-3 
259-4 ; 259-5 


259-13 


Fic. 2.—Charts of bright Ha stars. Scale 1 cm=3' 
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Fic, 3.—Charts of bright Ha stars. Scale 1 em=3' 
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Fic. 4.—Charts of bright Ha stars. Scale 1 cm=3' 
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Fic. 5.—Charts of bright Ha stars. Scale 1 cm=3' 
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Fic. 6.—Spectra of bright-line stars in the Taurus clouds 
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Plate 259, group b, late-type stars with weak Fe II, Fe I, or |S IJ|.—In this group, 
which contains stars of distinctly later type than group a, the Ca 1 and Hé bright lines 
are strong, but the lines of He1, Fe u, Fei, and [5 | are less prominent. Some spectra 
are overcast with a heavy continuum. One star, MHa 259-7, is the known variable, BP 
Tauri, 11.7-13.1 pg. A suspected period of 0.18 day indicates that the light-changes are 
sometimes rapid. The constancy of the light of other members of the group may well be 
questioned. The negative values for the absorption effect in the last column of Table 4 
indicate that the data are defective for the last two stars of the group. If they are fore- 
ground stars, the peculiarities of their spectra need explanation. If they are in the 
Taurus clouds at a distance of 100 parsecs, either too bright apparent or too faint ab- 
solute magnitudes have been used in determining the absorption effect. 

In this group the continuous spectrum shows little selective absorption in the shorter 
wave lengths and the Balmer series extends to //14 or in some stars as far as H19. 

Plate 259, group c, stars with bright H, Ca II, and He I only.—Most of the stars of this 
group have titanium bands, and the H and K emission is generally weaker than that of 
H6. Bright He 1 appears in five stars. In the absence of bright lines of other elements and 


TABLE 3 
VELOCITY MEASURES OF MHa 265-13 


VELOCITY 
PLATE Date | G.M.T. 
| | Em. Abs. 
E 749...........| 1943 Jan. 14 19845™ | 417 + 56 Wk 
1943 Jan. 15 17 50 +28 +101 Wk 
1943 Mar.16 | 1650 | +13 + M 
1945 Sept.13 | os | +H + 39 Str 


the presence of titanium oxide bands, these stars resemble (1) the faint dMe stars having 
large proper motions and (2) the companions of several T Tauri variables. Except for one 
star MHa 259-24, which is located in dense obscuration, the stars of this group show lit- 
tle dimming due to obscuration. Some of them may be on the nearer side of the heavy 
obscuring clouds. In the three groups of Plate 259 a rather loose relationship between 
spectral type, magnitude, and the intensity of the emission lines of Ca 11, Fe 11, and [S 11] 
is indicated. Other correlations involving the darkness of the obscuring area surrounding 
the star, the absorption effects, the continuous emission veil superposed on the spectra, 
and the strength of the hydrogen and helium emission lines are uncertain, partly be- 
cause of insufficient observational material. 

The large absorption effects, amounting to several magnitudes, found for the stars of 
group a, show quite definitely that the stars which have the most intense T Tauri fea- 
tures are most deeply involved in the dark nebulosity. For group 6 the effects are less but 
of a similar nature. In group c, except for the presence of hydrogen and calcium emission 
in moderate strength, the results of contact with the dark clouds are noticeable for a few 
stars only. The lower temperatures evidently are not favorable for the production of 
T Tauri effects. Other stars which might be members of this group would be too faint to 
be observed if their brightness is reduced by obscuration. If the stars are variable, the 
computed absorption effect will change, depending on the estimated apparent mag- 
nitude. 

Stars of Plate 257.—The bright-line stars found on Piate 257 resemble those of Plate 


259, group 6, which are about 10° farther north. 
Stars of Plate 265.—The bright-line stars in this area are distinctly different from 
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TABLE 4 


Hei Feu 
4471 4233 


Fet u] 
4063 4068 


COMPUTED 
ABSORPTION 
(Mag.) 


Plate 259, Group a, T Tauri-like Stars 


50 20 
50 40 
50 30 
50 35 


Plate 259, Group 6, Faint Feu, Fe1, or [S un] 


Plate 259, Group c, H, Cau, and Only 


| 
| 


Plate 257 


Moke 


Plate 265 


INTENSITY OF EMISSION LINES AND OBSCURATION 
| 
259-10...... 11.5 | Ge 1 3 10 1 1.5 
Ge 3 5 3.0 
s:.. I 14 Ge | 2 2 3 2 4.0 
| dK4e 30 25 0.9 
dK6e 25 40 1.5 
| 25 50 | 2 
ae 13 dMle | 50 | 25 1 4 ioe | (—0.8) 
259-24......... 15 | dKSe | 20 40 
17.......| 14 | dMOe | 25 
14 | dM0e | 30 30 | 
Osf........) 13.5 | dMO.Se | 15 
| | 
15:5 | 15 40 1 2 0.5 
265-16........| 14 | dKOe | 40 | 3.3 
2.........) 9.2 | dK3e | (=2.0) 
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those of the other groups. Their spectral types are mostly early K, a spectral class not 
found among the bright Ha stars of the other two plates. Strong Ca 11 emission appears 
in three stars, but the hydrogen emission is weak in all stars of the group. Bright lines of 
other elements are weak or absent. The star MHa 265-2, which has weak bright lines 
(Ha, HB, H, and K), is probably a foreground star. The others show evidence of a loss of 
brightness and a weakening of the violet continuous spectrum due to selective absorp- 
tion. The nine stars of this plate are concentrated in an area about 1° square. 

Close visual binaries are few among the stars of Table 2, although many of the T 
Tauri variables are double stars with companions of comparable luminosity. The double 
star, MHa 259-9 is somewhat comparable with UZ Tauri. At the time of observation the 
two components were nearly equal in brightness, separation about 16’’, position angle 
315°+. Although both show faint titanium bands, the spectrum of the north-preceding 
star was heavily veiled with a strong continuous spectrum extending far into the ultra- 
violet, and the Balmer lines were strong in emission to 714. The south-following com- 
ponent, however, showed no veiling. Its hydrogen bright lines were extremely weak, and 
H and K were only moderately strong. We must conclude that, if the causes of the veil- 
ing and of the emission lines are external, they must be quite local to produce such 
marked effects in one star and not in the other. The stars should be observed for changes 
in brightness and spectrum. 

The components of MHa 259-6, separation 30”, have been discussed by Struve and 
Swings.® 


RELATED STARS 


Although no emission at Ha appeared in their objective-prism spectra, slit spectro- 
grams were obtained of two stars in the heavily obscured area near B10. The first, j 
BD+28°637, 9.5, dK5, is without doubt a foreground star. H and K appear in emission i 


in considerable strength. No evidence of contact with the cloud is present. The radial 
velocity from one plate is +37 km/sec. The second star is Hubble No. 4,’ IC 359?,a 
star with a nebulous fringe, situated in a lane of dense obscuration near B10. The spec- 
trum of this star shows some selective absorption in the violet, but no peculiarities which ; 
might be attributed to contact with cloud particles. The spectrum is dK3, with rather i 
weak bright H and K. The radial velocity from one plate is — 17 km/sec. If the star is at 

the distance of the cloud, a total absorption of 1.2 mag. is indicated. 

In the dark lanes of the Cepheus-Cassiopeia region of the Milky Way, Dr. R. Minkow- i 
ski discovered on objective-prism plates a star whose spectrum resembles in some respects ; 
the bright Ha stars of the Taurus clouds. The star is MHa 47-30; a = 22554™5, 6 = 
+58°27’, 1950; mag. 11.5; dK3e. The intensities of bright Ca 1 and Hé vary somewhat 
but are about 40 and 15, respectively. Fe 1 and He 1 are bright. The absorption lines are 
indistinct, owing to partial veiling of the spectrum. The radial velocity varies from 0 to 
—45 km/sec on four plates. 

The star BD—6°1253, a = 5"34™0, 6 = —6°44’, 1950, near the Orion nebula has 

. been reported by Herbig’ and by Morgan and Sharpless® to have T Tauri characteristics. 
It is imbedded in the bright nebula NGC 1999. The hydrogen lines showed wide absorp- 
tion wings corresponding to A-type lines, with fairly strong emission components super- 
posed. Emission lines of ionized and neutral elements, such as are found in the T Tauri 
variables, were found in great numbers. Herbig found evidence of variability in light. On 
spectrograms taken at Mount Wilson, January 24, 1946, and January 4, 1948, the ap- 
pearance of the spectrum varied greatly. On the first plate the bright lines were numer- 
ous, as on the Lick and Yerkes plates. The line \ 4063 Fe 1 showed faintly in emission and 

the Ca 0 lines were strong. The radial velocity from the bright lines was +15 km/sec. 


7K. P. Hubble, Mt. W. Contr., No. 241; Ap. J., 56, 181, 1922. 
5 Pub. A.S.P., 58, 163, 1946. ® Ap. J., 103, 249, 1946. 
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On the second plate the lines were wide and diffuse. The calcium and hydrogen lines were 
weak as compared with those of Fe 11. The spectrum resembled that of RW Aur on No- 
vember 2, 1941 (Pl. XIVa, Mt. W. Contr., No. 709; Ap. J., 102, 168, 1945). The broad 
absorption lines of hydrogen may originate in a different source from that of the bright 
lines, and its continuous spectrum may cause the blurring of the late-type lines of the 
star. 

Several of the bright-line stars observed by Struve and Rudkj¢gbing'® at the McDonald 
Observatory are doubtless related to the Taurus-cloud stars. They were found to be 
dwarfs with late spectral types. Emission lines of H and Ca 1 were strong, and in some 
stars Fe 11 appeared in moderate strength. 


THE RADIAL VELOCITIES 


On account of the large uncertainties inherent in the measurement of spectrograms 
having a dispersion of 220 A/mm, the radial velocities of the sixth and seventh columns 
of Table 2 can be considered little more than first approximations. These results are 
merely suggestive of the direction to be followed in further investigations. For most of 
the stars, only one plate was available, but variation in velocity should not be surpris- 
ing. No evidence of group motion or of large peculiar motions was found. 


TABLE 5 
MEAN VELOCITIES 


Vel. Vel. 
Bright Absorption 
(Km/Sec) (Km /Sec) 


+ 2( 30) — 2( 19) 
—11 (169) +13 (100) 
—10( 29) +12 ( 33) 


The mean velocities for the three regions, with the total number of lines measured, 
are in Table 5. No certain difference in velocity between the different regions is evident. 
In the mean, the negative displacements of the bright lines, which correspond to expan- 
sion of the emitting strata, decrease with advancing spectral type. The mean differences 
(bright minus dark) in velocities for G, K, and M types are — 48, — 20, and —3 km/sec, 
respectively. 

DISCUSSION 


The location of the bright-line stars in the Taurus clouds and the peculiarities of their 
spectra indicate that these stars are closely related to the T Tauri variables. Both groups 
are affected by their contact with the particles of the clouds. The nature of the inter- 
action between the stars and the clouds requires more detailed study and more adequate 
observations. The relationship between the spectral type or temperature and the pres- 
ence of the T Tauri spectral peculiarities is doubtless a leading key to the problem. . 

The overlying continuous spectrum resulting from sudden flares in dwarf stars, such 
as these bright-line stars of the Taurus clouds, the T Tauri variables, and the faint M4e— 
Mo6e dwarfs of large proper motion, presents a distinctly new problem of stellar atmos- 
pheres which requires further investigation. The intensity distribution of light in differ- 
ent wave lengths is greatly altered by the flare, and the intense emission of the ca!cium 
lines and the higher members of the Balmer series of hydrogen may be sufficient to affect 
color measurements. 


54, 51, 1948. 
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Selective absorption in shorter wave lengths seems to depend to some extent on the 
area of the sky involved, but this preliminary survey does not provide sufficient data to 
justify definite conclusions. 


Iam greatly indebted to Mr. William C. Miller for making the objective-prism photo- 
graphs upon which this investigation is based and for preparing the field charts for publi- 
cation. I am also indebted to Dr. R. Minkowski for photographing the fields and identi- 
fying the stars. 
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THE SPECTRUM OF RW TAURI* 


W. A. HILTNER AND R. H. HARDIE 
Yerkes and McDonald Observatories 
Received July 13, 1949 


ABSTRACT 


A velocity-curve of RW Tauri has been derived from 141 spectrograms. The final solution gives: 
w = 36°, e = 0.29, and K = 55 km/sec. The absorption lines undergo a variation in structure similar to 
that observed by Struve in U Cephei. 


On an exposure taken in 1933 at minimum light, Wyse! found that the eclipsing binary 
RW Tauri? “showed an A-type spectrum on which were superimposed the bright lines 
of HB, Hy, H6, and probably \ 4481 of Mg 1.” Further attempts to verify his discovery 
were unsuccessful. This forced Wyse to conclude that the emission lines were variabie. 


TABLE 1 
STAR LINES USED FOR RADIAL-VELOCITY DETERMINATION 


375.15 Het: 4026.19 
3770.63 ed 4101.74 
3797 .90 4340.47 
3835.39 4471.48 


3734.37 


3889.05 | Mgit...........| 4481.23 
3933.66 


In 1940 Joy® was successful in securing an exposure in which the emission lines were 
present. However, instead of single lines, they were double, with displacements of about 
350 km/sec. Further observations permitted Joy to conclude that the emission had its 
origin in a ring about the smaller early-type star. It was also found that the emission lines 
were indeed variable. This was interpreted by Joy‘ as evidence that the material in the 
ring is not uniformly distributed. 

In the last six years considerable effort has been devoted at Yerkes and McDonald 
observatories to the study of eclipsing binary stars from a spectrographic point of view. 
Although the evidence was overwhelming that in close binary systems there is a flow of 
material from one component to the other in such a way that the observed radial veloc- 
ity-curve is not the true one, it was felt that RW Tauri could profitably be observed. It 
was placed on the program in the fall of 1946 and from September 13, 1946, to October 1, 
1947, a sufficiently large number of spectrograms (141) was obtained to determine a re- 
liable velocity-curve. All spectrograms discussed here were obtained at maximum bright- 
ness. Only one was obtained during the primary eclipse. This spectrogram taken at 
phase —0.003 days, exposure time 57 minutes, shows a G-type spectrum with single 
emission lines of hydrogen displaced to the red. H8 may show a faint violet component. 


* Contributions from the McDonald Observatory, University of Texas, No. 180. 

1 Lick Obs. Bull., 19, 42, 1934. 

2? HD 25487, BD+27°623, HV 1174; a = 3857™8, 6 = +27°51’ (1900). 

3 Pub. A.S.P., 54, 21, 1942. 4: Pub; 89; 171, 1947. 
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TABLE 2 
RADIAL VELOCITIES OF RW T* 


| | | 
PLATE Date PHASE VELocItTy PLATE Date PHASE VELocItTy 
cQ (U.T.) | (Days) | (Km/SeEc) CQ (U.T.) j (Days) (Km/Sec) 
| | | 
September, 1946 September, 1947 
5078 5.330 | 1.268 | —29.8 
13.432 1.547 — 5.0 5.356 1.294 —22.6 
13.446 1.561 —15.5 5.376 1.314 — 26.2 
13.460 5.525 + 1.6 5.394 1.332 —40.4 
5082 13.474 1.589 — 8.0 Lia SER 5.422 1.360 —35.5 
5083... . 13.487 1.602 —13.7 5.449 1.387 —23.5 
5084 13.50% 1.616 — 4.1 Le 5.467 1.405 —25.7 
18.412 0.989 —46.6 5.482 1.420 — 9.4 
18.433 1.010 — 38.6 13.450 1.081 —34.9 
5087 22.459 2.267 +41 7 Sree 14.420 2.051 +27.0 
| ae 22.476 2.285 +44.5 ee 14.440 2.071 +38.6 
22.494 2.302 +52.i 14.456 2.087 +47 .3 
5092. . 25.442 2.482 +40.1 RE 14.470 2.102 +41.0 
5094. . 27.400 1.67' —11.9 ae 14.484 2.115 +48.3 ; 
5096. . 27.435 1.704 — 3.2 14.498 2.129 +34.7 
5097. . 27.457 1.728 15.383 0.246 —22.9 
5098. . 27.477 1.748 —10.0 16.406 1.269 —36.9 
Be eeic 27.488 | 1.759 | — 0.7 || 5997 16.420 | 1.283 —22.7 i 
16.437 | 1.300 | —30.0 
16.452 1.315 —29.6 
| March, 1947 16.467 1.330 —25.4 
16.497 1.360 —28.8 
2.080 2.297 +52.6 17.467 2.330 +34.3 
5189. . 2.108 2.325 +45.6 17.482 2.345 +23.7 3 
5190... 2: 135 2.348 +47.5 17.499 2.362 +34.8 
2.157 2.374 +46.8 18.409 0.503 —58.5 
3.090 0.539 —71.2 18.431 0.525 —63.0 
3.142 0.591 —59.4 18.451 0.545 — 64.9 
4.100 1.548 —21.0 18.472 0.566 —73.2 
4.115 1.563 —36.9 6020 18.494 0.588 —73.8 
4.131 1.579 —12.3 19.457 1.551 —20.3 
5197. 4.147 1.595 —13.5 19.471 1.565 — 7.3 
5198. 10.101 2.012 +23.0 eee 19.486 1.580 —13.5 2 
5199 10.127 2.038 +28.1 19.501 1.595 —14.2 
10.154 2.065 +24.1 20.408 2.502 —19.1 
16.083 2.456 +31.4 20.422 2.516 —17.3 
16.119 2.492 +22.5 20.436 2.530 —11.8 
5203 16.165 2.538 +32.0 20.450 2.544 + 6.7 
22.083 0.150 —55.7 20.464 2.558 +12.2' 
22.099 0.166 —50.3 20.478 2.572 + 5.2 
22.117 0.184 —44.5 20.491 2.585 — 3.1 
22.162 0.229 — 36.0 21.403 0.728 —64.6 
23.080 1.147 —45.1 21.429 0.754 —80.8 
| 23.124 1.191 —42.0 21.449 0.774 —68.6 
5211 25.077 0.375 —64.8 ae: 21.463 0.788 —57.0 
25.092 0.390 —71.3 21.477 0.802 —49.6 
5213 25.106 0.404 —59.6 21.491 0.816 —55.8 
25.122 0.420 —67.5 21.506 0.831 —63.0 
25.139 0.437 —65.2 24.401 0.957 —68.8 
25.157 0.455 —84.5 6060... ... 24.415 0.971 —56.5 
26.081 1.379 —23.9 24.429 0.985 —54.8 
5218 26.097 1.395 —29.6 6062 24.444 ‘000 —49.8 
26.115 1.413 —30.2 24.458 1.014 —49.4 
| 31.090 0.850 —58.5 6064..... | 24.473 1.029 —55.4 
| 
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TABLE 2—Continued 


| VELoctty PLATE VEL CITY 
| (Ka/Sec) CQ | (Days) 


2.265 | +63.6 
0.36 ; —65.7 
0.378 
0.395 
0.412 
0.428 
1.484 
1.501 
1.519 


October, 1947 


1.415 2.434 
1.435 2.454 
+36.4 1.456 2.474 
+53.0 1.478 2.497 
+68.0 1.500 2.519 
+56.8 


The spectrograms measured for the determination of the velocity-curve were obtained 
with the McDonald Observatory Cassegrain spectrograph with two quartz prisms and 
500-mm camera. The dispersion is 40 A/mm at 3933. All spectrograms were raeasured 
by the senior author. The stellar lines normally measured are listed in Table 1. 


TABLE 3 
NORMAL PLACES 


No. of 
Plates 


Limits of Phase | 
(Days) Preliminary Final 
(Km/Sec) | (Km/Sec) 


Mean Phase | 


+ 
N 
a 


CNAME 


+8.93 
—3.71 . 
—5.36 
--4.45 
+0. 50 
+3.35 
+3.51 
+5.83 
—0.26 
—4.18 
| +8. 80 
-0.50 
-6.15 


0. 150-1. 281 
0. 364-0.455 
0.503—-0.591 
0.728-0.850 
0.957-1.081 
1.147-1.315 


| 
| 
| 
| 
| 
| 
| 


2.325-2.492 
2.497-2. 598 


Primary minimum: JD = 2426313.483 + 2.768814, 


given by Dugan and Wright.® 
5 Contr. Princeton U. Obs., No. 19, 1939. 


AM 
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Prate Date PHASE 
6065.........| 24.487 | 1.043 | —52.0 || comt.........| 28.478 | 
24.502 1.058 —46.6 29.345 | 
6069.........| 25.433 1.989 +32.0 29.376 | 
6070.........| 25.448 | 2.004 | 429.8 || 6097.........| 29.393 | 
6071.........| 25.463 | 2.019 | +16.7 || 6098........./ 29.409 | 
| 6072.........| 25.477 | 2.033 | 421.1 |] 6110.........| 30.465 | 
0.199 —31.0 
6078.........| 26.445 0.232 —53.3 
6079.........| 26.469 0.256 —41.9 |; | 
GOS0.........] 26.404 0.291 +26.5 
6087.........| 28.408 2.195 +28.1 
: 6089.........| 28.443 2.230 + 0.9 
6090.........| 28.461 | 2.248 | 
No. | 4 
0.405 | 11 
1.580-1.759 1.654 11 
1.975-2.047 2.015 | 8 
2.212-2.303 2.263 | 8 
_ The observed radial velocities, together with the corresponding dates and phases are 
given in Table 2. The phases were computed by the formula 
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The radial velocities were arranged in 14 normal points, from which a least-squares 
solution was made. Table 3 gives the pertinent data concerning the normal velocities in 
addition to the (O — C) values for the preliminary and final solutions. The preliminary 
solution was made graphically, and the least-squares solution followed the Schlesinger 
method with Sterne’s modifications. The least-squares solution did not improve the ele- 
ments significantly. The value of 2Av? was reduced from 17,450 to 17,249. The probable 
error of a single observation is 7.64 km/sec, abnormally large for the type of spectrum 
and the equipment employed. The individual observations and the least-squares solution 
are plotted in Figure 1. 
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km /SEC. 
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10 
Fic. 1.—Velocity-curve of RW Tauri 


TABLE 4 
ORBITAL ELEMENTS OF RW TAURI 


Final 


Preliminary 


P = 2.768814 days (assumed) 
y = 20.0 km/sec y = 20.20+2.73 km/sec 
K = 55.0 km/sec K = 53.34+1.74 km/sec 
w = 40°0 w = 36°9454+5.57 
e = 0.30 e = 0.293+0.037 
To = Phase 2.401 days To = Phase 2.4013+ 0.0004 days 


The values of w and e are such that the question arises as to whether or not the ob- 
served velocity-curve represents the true binary motion of the system.* The evidence is 
not conclusive, since the secondary minimum has not been observed. The computed 
depth is only 0.01 mag. However, the structure of the absorption lines undergoes a 
marked change, similar to that observed by Struve’ in U Cephei and for which we know 
that the observed velocity-curve is distorted. Near first contact (our spectrograms ex- 
tend to phase —0.170 day; first contact corresponds to phase —0.19 day) the absorption 
lines (particularly H and Ca 11 )develop a sharp core displaced to the violet relative to 
the underlying absorption. A similar phenomenon is observed near fourth contact, ex- 


6 See, i.e., O. Struve, Pub. A.S.P., 60, 160, 1948; E. Scott, Ap. J., 109, 194, 1949. 
7TAp. J., 99, 222, 1944, 
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cept that the sharp absorption lines are displaced to the red. This phenomenon is illus- 
trated in Figure 2. The character of these sharp absorption features and the velocity- 
curve of RW Tauri are so similar to that found for U Cephei by Struve’ that it is reason- 
able to conclude that the same model will satisfy either system. In the case of U Cephei, 
Struve concluded that these lines have their origin in a stream of material “which starts 
from the B8 star and passes along the following side of the G2 star, to return toward the 
B8 star along the preceding side of the G2 star.” It is this material that also distorts the 
velocity-curve so that it does not represent the true orbital motion of the primary star. 
The principal difference between U Cephei and RW Tauri is that the material in the 
streams can be seen more vividly in the case of RW Tauri. 
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Fic. 2.—Spectra of RW Tauri. The phases from top to bottom are 1.191, 2.573, 2.599, 0.150, and 
0.205 days. Note the sharp core displaced to the violet at phase 2.599 days and displaced to the red at 
phase 0.150 day. 
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THE LIGHT-CURVE OF AO CASSIOPEIAE 
W. A. HILTNER 


Yerkes Observatory 
Received July 8, 1949 


ABSTRACT 


The light-curve of AO Cas was obtained in September and October, 1948. Attention is directed to 
some peculiarities of the light-curve, which are briefly discussed. 


The light-variation of the eciipsing binary AO Cas has been observed by a number of 
independent observers, ' ® * * ® © and it has been established that the light-curve is 
variable. Occasionally, a more or less normal light-curve is obtained (for example, the 
1933 curve obtained by Bennett), while at other epochs the two maxima will differ by 
as much as 0.05 mag. There is no question concerning the validity of the variability of 
the light-curve. Recently, Siruve’ found that HD 47129, a spectroscopic binary of large 
mass, had a variable velocity -cui ve and that there are irregular changes in the intensities 
and profiles of the absorption iines. 

If it is possible to correlate a variable or abnormal light-curve with spectroscopic pe- 
culiarities and variations, then an appreciation of the now apparently unrelated phe- 
nomena may be anticipated. Although no spectroscopic peculiarities of AO Cas have been 
reported, its variable light-curve suggested that it might be a good test case for the prob- 
lem at hand. Consequently, the star was placed on the spectrographic program at Mc- 
Donald Observatory by Struve and on the photometric program at Yerkes by Hiltner. 
The photometric observations are presented here and the spectrographic results in the 
following article by Struve and Horak. 

The 12-inch refractor was employed in conjunction with a 1P21 photomultiplier. A 
Corning No. 3385 filter was used for isolating the yellow region, and a Corning No. 5850 
filter for isolating the blue. The output from the photomultiplier was amplified by a DC 
amplifier,’ which drove a Brown recorder. BD+47°50 was adopted as a comparison star. 
Each observation consisted of three deflections on the comparison star and three on the 
variable. One observation was obtained in about 4 minutes. A mean extinction coefficient, 
measured on two different nights, was adopted. 

The individual observations are tabulated in Tables 1 and 2 and are plotted in Fig- 
ure 1. The formula 


Primary minimum = JD 2432191.189 + 3452355E , 


given by Wood,' was used in computing the phases. The blue curve is far from complete, 
but the yellow one is sufficiently well covered to study in detail. In general, the light- 


1 Guthnick, Beob. Zirk., 1, 12, 1919; A.N., 211, 391, 1920. 

2 Stebbins, Pub. Washburn Obs., 15, 62, 1928. 

3 Guthnick and Pavel. 4.N., 215, 395, 1921. 

4 Gussow, A.N., 237, 321, 1930. ® Bennett, A.J., 47, 104, 1938. 
6 Wood, Ap. J., 108, 28, 1948. 

7 Ap. J., 107, 327, 1947. 


8 The author is greatly indebted to Dr. G. E. Kron forun limited advice on the design and construction 
of this amplifier and on other phases of photoelectric photometry. 
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TABLE 1 
PHOTOMETRIC OBSERVATIONS (YELLOW) 


Julian Day a Julian Day 
(Helioc.) (Helioc.) 
2432000-+ 2432000+ 


AO Cas— 
BD+47°50 


+0301 
307 


SOSSSSONNN 


SEER SANS 


+++ 


i T 
| 
i (Days) 
635 | 163 
818.590.......... 
818.600.......... 
818.605.......... 
818.610.......... 
818.615.......... 
818.663.......... 
818.696.......... 
........- 
$66. 
| 
| 818.805... 
818.810... 
........ 
819.618.......... 
| 
819.635... 
819.673.......... 
........ 
$71.629..........| 
821.639.......... 
821.699... 
61 
821.705........_.| 65 
22 
| 26 
30 
| 36 
821.804... | 
333 3.426 || 354 «1.639 
821.864..........| 3.483, || 844.688... 0.350 | 1.642 
0. 302 0.159 | 
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curves obtained here are similar to those previously observed. An inspection of the yellow 
light-curve will reveal some significant details: (1) The two maxima are nearly identical, 
differing by only 0.007 mag. (2) The position of the secondary minimum does not fall at 
phase P/2. The phases of minima are 0.468P and 0.983P. (3) The two minima differ by 
(0.017 mag. The minimum previously called the “primary” minimum is the more shallow 
one. (4) One of the more striking features of the light-curve is that of the relative shapes 
of the two minima. The minimum at phase 3.464 days corresponds to that phase at which 


TABLE 2 
PHOTOMETRIC OBSERVATIONS (BLUE) 


AO Cas—- Phase AO Phase 

BD +47°50 (Days) (Holiec.) BD+47°S0 (Days) 

2432000 + 2432000+ 
817.659... ... +0006 2.802 +0"167 3.440 
+ .009 2.806 + .170 3.497 
817.666...... + .004 2.809 2 oe + .166 3.500 
818.714... + .091 0.333 oe eee + .165 3. 
+ .083 0.337 + .008 0.792 
+ .090 0.341 + .009 0.795 
818.823... + .061 0.442 + .010 0.800 
818.828... + .065 0.447 >. Se + .012 0.827 
818.832... + .066 0.451 3 eee + .014 0.831 
819.644......... + .128 1.263 | Sere + .012 0.835 
819.649... + .121 1.268 + .048 2.200 
819.653. . + .109 1.272 + .047 2.203 
+ .124 3.222 + .04 2.207 
821.607. . + .123 3.226 + .040 2.210 
+ .124 3.229 + .042 2.213 
+ .124 3.233 + .031 2.271 
+ .127 3.237 + .038 2.275 
821.646... + .137 3.265 + .034 2.278 
821.649. . + .139 3.268 + .036 2.282 
+ .141 3.272 + .035 2.285 
821.657 + .139 3.276 838.998, ......... + .003 2.599 3 
+ .154 3.330 + .137 0.201 
+ .154 3.333 + .129 0.204 
+ .154 3.337 + .146 0.208 
+ .165 3.401 842.607.......... + .093 3.085 
+ .168 3.404 + .091 3.088 
+ .164 3.408 + .093 3.092 
+ .168 3.433 +0.091 3.09% i 
nis: +0. 167 3.438 


the primary star (spectrographically) is eclipsed, and the mimimum at phase 1.649 days 
corresponds to that phase when the secondary star is eclipsed. It is obvious that the two 
minima are of different shape. When the secondary star is eclipsed, the resulting mini- 
mum is appreciably sharper than when the primary is eclipsed. This conclusion is reached 
not only by the group of observations near phase 1.6 days, which were obtained on two 
nights separated by two cycles, but also on the character of the descending, and particu- 
larly the ascending, branches of the two minima. At one minimum the ascending branch 
is linear, while the ascending branch of the other minimum shows a marked curvature. 
The general character of the light-curve of AO Cas is similar to that of CQ Cep,® an 
eclipsing binary in which one component is a Wolf-Rayet star, except that the light-curve 
of AO Cas does not show the marked asymmetry present in CQ Cep. In the case of CQ 


9W. A. Hiltner, A.J., 53, 198, 1947 (abstract). 
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Cep one minimum is sharp and narrow, while the other is appreciably more shallow and 
broader. The sharper minimum corresponds to that phase at which the Wolf-Rayet com- 
ponent (secondary star in the case of AO Cas) is eclipsed. In other words, attention is 
drawn to a possible connection between the Wolf-Rayet stars, on the one hand, and the 


am 


or 


Phase in days 


Fic. 1.—Light-curves of AO Cas 


O-type stars, on the other. It is now generally accepted that the opacity in O-type stars 
results from the scattering of radiation by electrons, and in the case of the secondary 
star in AO Cas the electron envelope is more extensive than in a normal O-type star. If 
the secondary star is surrounded by an electron envelope, then it is not unreasonable to 
suggest that the variation in structure of the absorption lines of the secondary star ob- 
served by Struve and Horak" is a consequence of a change in electron density."! 


10 4p. J., 110, 447, 1949, 
1G, Miinch, Ap. J., 108, 116, 1948. 
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THE SPECTROSCOPIC BINARY AO CASSIOPEIAE* 


Otto STRUVE AND Henry G. HORAK 
McDonald and Yerkes Observatories 
Received July 7, 1949 


ABSTRACT 


The orbit of AO Cassiopeiae was obtained from 183 spectrograms covering the period November 16, 
1948, to February 1, 1949. The velocity-curve of the principal component resembles that previously 
found by Pearce, but the range of the radial velocity of the secondary component is only 152 km/sec, 
while Pearce found 235 km/sec. The intensities of the lines of the fainter component vary with the phase. 


The eclipsing variable AO Cassiopeiae = HD 1337 = Boss 46 was discovered as a 
spectroscopic binary at the Mount Wilson Observatory in 1916. A spectrographic orbit, 
based upon measurements of the brighter component only, was published by Adams and 
Stromberg! in 1918. A new investigation of this system was carried out by J. A. Pearce® 
at Victoria in 1924-1925. He measured the lines of both components and combined the 
results of his own spectrographic observations with the photoelectric light-curve ob- 
tained by P. Guthnick in 1919-1920. Since then, several new investigations of the light- 
curve have been published, the latest being those by F. B. Wood* and W. A. Hiltner.* 
The interesting features of the latter, communicated to us in part before their publica- 
tion, have led to the present study of the spectrum of this remarkable O-type binary. The 
spectrographic observations extend over the period November 16, 1948, to February 1, 
1949. All plates were obtained with the Cassegrain quartz spectrograph of the McDonald 
Observatory, giving a linear dispersion of 40 A/mm at \ 3933. About one-third of the ex- 
posures were obtained on the high-contrast Eastman Process emulsion, the rest on 
103a-O. The exposure times averaged about 40 minutes for the former and 4 minutes for 
the latter. The spectrograms, 183 in number, were measured by one of the two authors, 
and a sufficient number were measured by both to ascertain that there were no appreci- 
able systematic differences between them. i 

Table 1 contains all the star Jines used in this work. Since many lines are probably 
blends, we have adjusted the wave lengths by applying to the measured radial velocities : 
corrections for each line which are opposite in sign to the systematic differences listed in 4 
Table 1. These were obtained by taking for each line the differences, line minus plate 5 
mean, and obtaining the average for each line. The two components were treated sepa- ; 


rately. The mean errors of each individual line-velocity and of the resulting mean sys- 
tematic difference are listed under ¢€ and €9. The presence of blends is evidenced by the 
many instances in which both components give consistent systematic differences which 
greatly exceed the two values of €9. Most of these blends are easily accounted for, but it 
would have been difficult to allow for them in advance, since the relative intensities of 
the blending lines were not known. The final effect of the corrections is very small, be- 
cause they influence only those mean plate velocities which were not based upon the use 
of all lines. The average values of ¢€ are + 25 km/sec for component I and + 40 km/sec for 
component IT. 
The phases were computed from Wood’s formula, 


Primary minumum = JD 2432191.189+4 3952355E. 


* Contributions from the McDonald Observatory, University of Texas, No. 178. 

1 Ap. J., 47, 329, 1918. 

2 Pub. Dom. Ap. Obs. Victoria, Vol. 3, No. 13, 1926. 

3 Ap. J., 108, 28, 1948. Ap. J., 110, 443, 1949. 
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Although Wood believed that these light-elements would “prove satisfactory for pre- 
diction in the near future,” we notice that our velocity-curve (Fig. 1), although obtained 
only 2 years after Wood’s photoelectric observations, requires a shift of approximately 
0.02P = 0.07 day toward smaller phases. This corresponds to a shortening of the period 
by approximately 0.00035 day. It is probable that the period is not entirely constant, but 
the material is insufficient to determine the character of the variation. 


TABLE 1 
LIST OF STAR LINES 


SysTeMATIC DIFFERENCE 


ELEMENT (Line-Mean) 


3703.86 
3705.04 
3711.97 
3721.94 
3734.37 
3750.15 
3759.87 
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The velocity-curve of the principal component in Figure 1 is almost symmetrical, and 
the orbit is therefore nearly circular. This curve agrees only approximately with the one 
_published by Pearce. Our observations place the maximum of the radial velocity at +210 
km/sec, while Pearce finds +180 km/sec. This difference is larger than can be attributed 
to errors of measurement, but, in part at least, it may be the result of the larger eccen- 
tricity, e = 0.037, and the value of w = 210°, which Pearce found from his measure- 
ments. The minimum of our velocity-curve is — 265 km/sec, while Pearce’s minimum is 
—255 km/sec. The difference is probably not significant. Our value for the velocity of 
the system is —32.9 km/sec, while Pearce found — 29.3 km/sec. The difference is not 


| 
| | I | ul | € 
8 
11 
32 
1 
Hi1....... ....| 3770.63 | 37 
H10... 3797.90 | 71 
95 
00 
HeIt+H8.. ._.| 3888.85 104 
| 1.7] 176 27.9 2.8) 99 
Silv.... .. ...| 4088.86 | 1.9] 173 30.0| S.1| 34 
Siw....... ...| 4116.10 | | 2.3] 88 383/ 103] 14 
Het............| 4143.76 | 38} 79 | 276) 104] 
Hell... _..| 4199.83 41 30.5 6.3| 23 
| 194 | 36.7] 3.6] 105 
Het. ..| 4387.93 | | 3.2] 101 66.6; 16.6} 16 
Hel... 4471.51 | | | +1.9] 171 | £35.7| + 4.0] 78 
i | 
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significant, but our value of Ki is 236 km/sec, while Pearce’s result was 218.5 km/sec. 
This difference is probably real. 

More important are the differences which we find between our measurements of the 
fainter component and those of Pearce. A very striking feature of our measurements, 
shown especially by the many Process plates, is the variation in the intensities of the 
fainter component, which resembles similar variations in Plaskett’s star (HD 47129), in 
a Virginis, and in several other close spectroscopic binaries. The absorption lines of the 


AO Cassiopeiae 
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fainter component are exceedingly faint when this component has a positive radial 
velocity, and they are fairly strong when its radial velocity is negative. As a consequence 
of this variation, the measurements are more accurate between phases 0.55-0.90 day than 
they are at the opposite elongation, between phases 0.1 and 0.4 day. In this latter inter- 
val the lines are sometimes difficult to see. This alone is sufficient to explain the large 
pepsi! of the measurements, but it is possible that there also are real changes from cycle 
to cycle. 

When the radial velocity of the fainter component is negative, the measurements are 
not unreasonably scattered, and the minimum radia! velocity at —190 km/sec, in the 
neighborhood of phase 0.73, should be accurate within about 10 km/sec. Yet for this 
same phase Pearce found a mean radial velocity of nearly — 255 km/sec. Not one of the 
crosses in Figure 1 falls as low as — 250 km/sec. Hence we must conclude that the value 
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of Kz is much smaller than that found by Pearce, namely, 234.6 km/sec. Despite the 
large scatter of the measurements, the radial velocity at phase 0.23 may be estimated at 
+125 km/sec. This should be compared with Pearce’s value of +205 km/sec. It is again 
apparent that the two sets of measurements are not consistent. 

The question arises whether the star has changed or whether there are systematic 
errors in the spectrograms or in our measurements. The two measurers agree closely in 
their results. An independent inspection of the spectrograms shows that at its minimum 
radial velocity the fainter component is sufficiently resolved from the stronger compo- 
nent to give a result that is not noticeably influenced by blending. At maximum radial 
velocity the blending is more serious, but even there the separation is sufficient on most 
plates. We must leave unanswered the question of a possible change in the spectrum of 
this star. A priori reasoning would make it appear more probable that the fainter com- 
ponent should have a larger range than the brighter component, just as Pearce found. 
But recent measurements of Plaskett’s star and of VV Orionis have already brought to 
light two other early-type systems in which the fainter absorption lines give the smaller 
values of K. If we interpret the intensities of the absorption lines as measures of the 
brightnesses of the stars, we shall have to conclude that the fainter components violate 
the mass-luminosity relation. But the erratic changes in the intensities of these lines, as 
in the case of Plaskett’s star, make it unsafe to apply the usual reasoning to these peculiar 
objects. The ingenious suggestion, by Hiltner, that electron scattering may influence the 
light-curve, could also provide an explanation of the abnormal intensities of what we 
have designated as the “fainter component.” 

We have suspected that in AO Cas there are also erratic changes in the intensities of 
the fainter component, but the evidence is not so convincing as it was in the case of 
HD 47129. Nor can we prove that there are erratic changes in the radial velocities. The 
mean velocity as determined from the fainter component is — 32.5 km/sec, which agrees 
closely with the y-velocity derived from the stronger lines. Figures 2 and 3 show several 
sets of spectrograms chosen to illustrate the great differences in the intensities of the 
fainter component in the two elongations. The spectral types of the two stars are those 
given by Pearce. We can see no appreciable difference in the types of the two components. 

The radial velocity determined from the interstellar Ca 11 lines is — 24.1 + 0.4km/sec. 
The mean error of a single interstellar calcium velocity is +5.7 km/sec. The calcium 
lines were measured on all 183 plates. Because of the great ultraviolet extension of our 
spectrograms, it was possible also to measure the interstellar line 77 11 3384. The mean 
radial velocity from 105 spectrograms is — 19.9 + 0.8 km/sec. The mean error of a single 
Ti 1 velocity is +8.7 km/sec. The difference of 4 km/sec between the interstellar cal- 
cium and titanium lines is somewhat larger than can be easily reconciled with the errors 
of our measurements. However, it would be premature to conclude that the difference is 
physically real and that it represents a difference in the motions of the titanium atoms 
relative to the calcium atoms. 

It may be of interest to quote from the paper by Adams and Strémberg: 


Several of the photographs show evidences of the presence of the second component of the 
system. ... They are, however, too few in number to be used in the calculation of the orbit. The 
secondary spectrum appears to be of nearly the same type as the primary and the lines are seen 
most clearly when the principal star shows its maximum positive velocity.‘ 


The Mount Wilson results clearly show that the variation in the line intensities was pres- 
ent when the star was observed with the 60-inch telescope in 1916 and 1917. The final 
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TABLE 2 
RADIAL VELOCITIES OF AO CASSIOPEIAE 


VELocities (Km/SEc) 
| PHASE 
PLate* ; All Lines except 
DATE | U.T. Ca u and Ti 1 

| Cau Tiu 

| 

Days | Period | 

| 1948 | 

7160...) Nov. 16 | 2:10 0.356 | 0.101 | —185.6 +115.4 —31.1 —23.7 
17. | 0:42 1.295 368 | —159.1 +167.6 
18 2:16 2.360 .670 | +195.3 —172.2 
85...| 2:54 2.387 .677 | +201.0 — 183.7 
88... .| 19 0:49 3.300 —27.5 —10.5 
89. ..| 1:12 3.316 —35.1 —29.1 4 
91...| 20 0: 42 0.771 .219 | —261.0 +165.5 —22.8 — 9.9 
92.. 1:25 0.801 | .227 | —264.8 +103.7 —16.8 +23.2 i 
93. 2:05 | 0.829 | | —200.4 | +125.4 | -18.3 | —31.3 
96. . 3:22 0.882 | .250 | —266.7 + 76.7 —24.6 —23.4 i 
97... 4:03 0.911 .259 | —254.5 +110.2 
98... 4:41 0.937 .266 | —266.4 +129.8 —20.1 —14.7 
99... 5:20 0.964 .274 | —258.0 +118.2 —28.1 —23.5 H 
7201... 21 0: 28 1.761 —17.2 —28.1 

03...| 1:33 1.807 —14.1 —34.3 
09... 23 5:42 0.457 .130 —198.9 +165.8 
10.. 6:18 0.481 .137. | —225.9 +103.8 —19.6 —17.5 i 
11. 6:47 0.502 142 — 234.8 +119.9 
24 | 0:28 1.238 351 —224.9 +115.7 
i. | 0:57 1.259 .357 | —198.7 +120.3 —25.5 —21.9 : 
| 3:02 1.345 .362 —143.2 +126.5 —24.2 —30.9 
19. | 3:17 1.356 .385 ~—161.6 +132.8 —27.7 —17.6 
20... | 3:31 1.366 | .388 —139.4 | + 71.6 —21.3 —14.1 
Tie. 25 | 0:31 2.241 | .636 | +175.9 | —185.8 —16.9 —20.4 
a: | 0:59 | 2.260 | .641 | 4192.2 | —153.0 | -18.5 | — 7.2 
1:20 2.379 :647 | +197.7 | —164.4 
24...| 2:37 2.328 .661 | +205.1 —210.3 |. 
| 3:12 2.352 668 +192.6 —183.7 —20.6 
3:50 2.379 .675 | +192.4 —201.8 —26.4 |.......... 
Bae] 27 0:28 | 0.714 203 | —267.2 + 93.1 — 36,1 —35.3 
34... 0:42 0.724 .205 | —262.9 +104.9 —23.6 —12.2 
aa 4:44 0.892 .253 | —264.0 +137.9 —22.3 —15.1 
5:12 0.912 + 81.1 —28.7 —21.3 
$8... 5:18 0.916 .260. | —259.2 + 46.5 —26.9 —25.7 
28 5:46 1.935 —25.7 —12.8 
40... 6:05 1.948 + 2.6 — 5.0 
29 0: 30 2.716 +198.8 —203.7 
44...| 0:52 2.434 775 +213.5 —168.7 —28.8 —26.1 
45. 1:14 2.746 779 +197.0 —185.0 —23.4 —26.1 
54...| 4:08 2.867 814 +180.9 — 157.8 —26.0 
4: 36 2.887 +156.5 — 160.7 —19.9 —21.9 
56. ..| 5:03 2.905 824 +157.6 —174.8 —18.2 —13.0 
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TABLE 2—-Continued 
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Rapiat Vetocities (KM/SeEc) 


All Lines except 
Cau and Ti 


| PHASE | | 
| | | | 
| 
Date | U.T. | | Tin 
| | Days Period I 
1948 | | 337 —187.2 | +245 31.2 
1.224 347 —26.9 —24.3 
2 2.189 | .621 | +166.1 | | | 
78...| 2.226 | | +171.5 
80... —174.1 | —20.7 | —30.7 
Si... 176.3 | —215.9 | —22.2 |.....:.... 
2.267 | .643 | + 
92... 0.735 | 1209 | | | 196 
0.735 209 266.0 | $141.8 | —25.7 | -14.3 
04. | 0.772 .219 | —18.0 —20.7 
02). | | | 41080 | 
6 | 2.673 | | +1940 | -309 
114s | “325 | | | 
8 1.145 114.1 —10.0 —11.8 
43... | | | | | 
| -146.5 | —28.5 | —24.6 
10 | 3.143 | + 49.4 | —167.6 
68... .| 11 | | - 
75... | +103.9 | —20.1 | — 
1.698 | | 24.2 -20:7 | 19:6 
13 | 2.852 | .809 | +169.4 161.5 | —20.7 | —16.9 
91...| 2.862 812 | | ~172'0 | —23'8 —19.6 
95... | +127.8 | —28.5 = 26.0 
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RapiAL Vetocities (Km/SeEc) 


All Lines except 


Ca and Ti 
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| 
PHASE | 
PLatE* 
| Tiu 
| } 
| | Days Period | | 
| 1948 | | 
7409...) Dec. 16 | | 2.153 | 0.611 | 4116.1 | -190.2 | -31.1 | -17.3 
10... 2 2.174 617 | +160.1 | —147.3 | —22.6 | —28.9 eh, 
3 2.203 625 | +170.1 | —160.8 | —25.8 |.......... 
14...| 19 | | 1.610 .457 | — 44.8 —20.2 
1: 1.630 | —-54.0 |...........] —22.9 —29.5 
20 | 0: 2.580 .732 | +204.1 | —199.6 | —26.5 | —25.2 
19...| 2.615 742 | 4202.8 | -194.1 | -25.0 | —16.4 
20...| 1: 2.621 744 | +193.1 | 178.0 | —23.4 | —31.4 
35... 1.209 343 —196.9 + 64.6 —19.2 —32.0 ea 
36... 1.221 347 | 191.5 |...........| | —10.8 
44... 4 2.077 | 4125.1 | —138.4 | —22.6 | — 6.4 
45vp., 2 2.142 608 | +1369 | —156.5 | —41.2 |.......... 
46... 3 2.165 614 | +117.8 | —125.9 | 
56... .| 29 | 0:33 | 1.007 | — 253.9} 4212.6. | 
Sip... 1:05 | 1.029 292 | —248.8 | 4100.4 | -—26.5 | —24.1 
58...) 1:37 | 1.051 .298 | —242.9 | +135.3 | —28.8 | —18.0 
59... | 30 | 0:33 | 2.007 570 | + 72.0 | —144.2 | —32.7 | —24.3 
60... 1:03 | 2.028 576 | +102.4 | —135.9 | —31.3 | —11.9 
1:28 | 2.045 .580 | + 86.3 | —127.6 | —26.7 | —39.3 
1949 
64...| Jan. 1 6 | 0: 138 —234.1 | 4126.6 | —23.8 |.......... 
65p.. 1 | 0. 144 | -—266.6 | + 74.8 | —26.1 |.......... 
66... 0. | +136.8 | —16.0 ].......... 
67... 2 1. .428 
73... 3 2. | 2 | 
74...| 2. 4 | —173.3 | —20.7 |.......... 
0. .282 2 | +91.0 | —36.8 |.......... 
84...| 1. 560 2 | -116.9 | —22.5 | —16.2 
88...| 10 2. |  .736 | 8 | —205.7 —27.9 |.......... 
91...| 1. | .402 | 3) $173.8 | —28.1 | —21.2 
95... 0.022 006 | 66.7 |...........] —27.5 | + 4.2 
96... 19 0.878 249 | —251.8 | + 87.2 | —34.2 | 19.6 
0.897 | .255 | —262.3 | 4119.0 | -28.2 | -19.6 
0.915 | 0.260 | —263.5 | +120.6 | —15.8 | —19.6 
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TABLE 2—Continued 


| 
| RaptAL VeLocities (KM/Sec) 


All Lines except 
Ca and Ti 


Days Period 


1949 
Jan. 20 


22 
24 


st 
Ne OS 


Sass 


3.354 | .952 
3.372 | 0.957 


46 
11 
1 
9 
7 
8 
3 
00 
25 


| 
| 
| 
| 
| 
| 
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* “py” designates a poor plate; “vp” designates a very poor plate. 


spectroscopic elements of the orbit, as derived from the McDonald spectrograms, are as 
follows: 
P = 3.52355 days, w = 335°+12°5 , 
y= —32.9+41.1 (km/sec) T = Phase 0.66 day , 
K, = 236+1.6 (km/sec) a,sini= 1.14 X107 km, 


sin? i 
m2)? 
€, = +14.8 km/sec (mean error of one plate) . 


e = 0.03040.007 , = 4.810, 


The small asymmetry of the velocity-curve, which leads to e = 0.03 and w = 335°, is 
well shown in Figure 1: the upper loop of the curve is appreciably narrower than the 
lower loop. After the solution there remain some unexplained systematic differences 
which cannot be accounted for by a change in the elements. On the lower portion of the 
ascending branch, phases 0.3P—0.5P, the values of (O — C) are predominantly positive; 
on the upper portion of the ascending branch, phases 0.5P-0.615P the values of (O —C) 
are predominantly negative. Between phases 0.615P and 0.7P the (O — C) are again 
mostly positive. 
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CURVES OF GROWTH AND LINE CONTOURS* 


ALBRECHT UNSOLD AND OTTO STRUVE 
Kiel University Observatory and McDonald Observatory 
Received July 6, 1949 


ABSTRACT 


The curve of growth and the line contours of 6 Canis Majoris (cF8) are explained by assuming large- 
scale turbulence with = = 22 km/sec or—less probably—rotation with an equatorial velocity v sin 7 
= 30 km/sec. Moreover, the intensity of the continuous background in the range 4000-4100 A may be 
depressed by the crowding of lines to 70 per cent of its original intensity. It is also possible that on top of 
a normal reversing layer having a turbulent velocity of the order of 5-10 km/sec there is an optically 
thin layer produced by a field of interlacing prominences which may be described by a large turbulent 
velocity. 

The differences which K. O. Wright found between the curves of growth for neutral and those 
for ionized atoms, as well as low-and high-excitation states, in solar-type stars can be interpreted by as- 
suming that the turbulent velocity ~ increases with decreasing pressure, following the law of continuity. 
The remaining inconsistencies are traced to a probable ‘‘coupling” in the simultaneous determination of 
turbulent velocity and excitation temperature. Reasons are given for the conclusion that the solar excita- 
tion temperatures are closer to 5400° or 5700° than to 4800° K. The use of ‘“‘solar transition probabilities” 
is considered critically. The meaning of effective turbulent velocities is discussed. Errors resulting from 
the use of a single curve of growth for an entire stellar spectrum are estimated not to exceed A log NH = 
+0.47 if suitable mean values are used. The aerodynamic aspects of turbulence in stellar atmospheres 
are reviewed, following recent developments of the theory of turbulence. 


Since the curves of growth constitute one of our principal tools for the theoretical 
analysis of stellar spectra, it is of importance to examine the underlying principles from 
the observational and theoretical viewpoint. Recently, Struve! encountered serious diffi- 
culties in an attempt to correlate the curve of growth derived by Miss H. R. Steel? for 
the cF8 star 6 CMa with direct measurements of line contours made with high dispersion 
in the region AA 4000-4100 A. Even earlier, K. O. Wright® * > ® had found that for vari- 
ous F- and G-type stars the shape of the curve of growth differs for neutral and ionized 
atoms, as well as for low-and high-excitation potentials. By means of a theoretical analy- 
sis of these effects, we shall try to discover to what extent the usual procedure of using 
one curve of growth for each star may be justified. 


6 CANIS MAJORIS 


From the curve of growth for lines of Fe 1 in the range \A 4147-6411, Miss H. R. Steel 
determined for 6 CMa an effective Doppler effect, & = 5.1 km/sec or—after removing 
the thermal Doppler effect—a turbulent velocity, & = 4.9 km/sec. The definition’ of 
£) and & is such that the probability of a radial velocity between & and & + dé is given 


by . 
0 


where R = gasconstant, u = atomic weight, and T = kinetic temperature of the atoms. 


* Contributions from the McDonald Observatory, University of Texas, No. 177. 
1Ap. J., 104, 138, 1946. 2 Ap. J., 102, 429, 1945. 
3 J.R.A.S. Canada, 40, 183, 1946; Contr. Dom. Ap. Obs. Victoria, No. 2. 

4 J.R.A.S. Canada, 41, 49, 1947; Contr. Dom. A p. Obs. Victoria, No. 6. 

*R. B. King and K. O. Wright, Ap. J., 106, 224, 1947; Mt. W. Contr., No. 736. 

6 Pub. Dom. Ap. Obs. Victoria, Vol. 8, No. 1, 1948. 

7A. Unsild, Physik der Sternatmosphdren (Berlin: Julius Springer, 1938), p. 157. 
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However, direct measurements of line contours on a coudé spectrogram in the range 
4000-4100 A by Struve! gave the following results: (1) all the weak lines are about five 
times broader than might be expected from & = 5.1 km/sec; (2) the strong lines, (W > 
0.6 A) have central intensities of only 10-15 per cent, while the weaker lines, on the flat 
part of the curve of growth, are quite shallow; (3) the strong lines do not exhibit extended 
wings as they do in the solar spectrum. Since, for example, the line \ 4058 with W = 0.15 
A or log W/X = —4.43 is on the flat part of Miss Steel’s curve of growth and since all 
the strong lines are deep, this line must also be intrinsically deep: otherwise no satura- 
tion would be possible. Its width and shallowness can therefore be explained only by 
large-scale motions, the relevant velocity differences occurring between surface ele- 
ments, each of which is optically large, i.e., each has an “optical diameter” > 1 and 
therefore exchanges radiation mainly within its own domain, while the radiative ex- 
change with neighboring elements is unimportant. Under the heading of “large-scale mo- 
tions” we comprise (a) stellar rotation and (6) large-scale (macro-)turbulence, i.e., turbu- 
lent motions in which “‘turbulence-elements,” as defined by L. Prandtl, exist whose opti- 
cal diameter is >> 1. These possibilities have already been considered by Schwarzschild® 
in his recent study of the cepheid variable » Aquilae. 

If our hypothesis is correct, we must be able to explain the small central intensities of 
the strong lines and their lack of wings. These strong metallic lines are probably, physi- 
cally speaking, due to damping. The effective optical depth is therefore of the form 


(apart from the Doppler core) 
2 
(=) (2) 


Writing the fractional depth'R in the line, 
Pees 
R=(g +z) 


where R, is the limiting central depth, we notice that b//R, is the (half) half-width and 
W=nxbVR, (4) 


the equivalent width of the line. 

In Figure 1 we have drawn (solid lines; left scale of ordinates) two such contours with 
b = 0.4and 0.8 Aand R. = 0.95, corresponding roughly to the stronger lines in Struve’s 
Figure 1. In addition, we have, for simplicity, drawn the almost rectangular true contour 
of a line on the flat part of the curve of growth as a rectangle with a half-width of 0.2 A 
and with R = R, = 0.95. 

These lines have been “widened” by macroturbulent broadening, following the law 
AN)? (5) 


1 
A (Ad) e 


+00 
(normalized to make J Ad = 1). The shape of equation (5) is also shown in Figure 1 


as a solid line for AAv = 0.3 A. By assigning to it a central depth of 70 per cent, its area 
has been made equal to that of our weak rectangular line. 

For the weaker lines the superposition of the Maxwell curve (5) and the narrower 
rectangular contour gives a resulting curve which exhibits only small differences from 
the Maxwell curve. Since the problem of superposing Maxwellian and rectangular con- 
tours has recently been dealt with in detail by C. Jentzsch and A. Unsdld,® we give in 
Figure 1 immediately the result for our special case (smallest dotted contour). 


8 M. Schwarzschild, B. Schwarzschild, and W. S. Adams, Ap. J., 108, 225, 1948. 
9 Zs. f. Phys., 125, 376, 1948. 
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For the stronger lines a procedure originally used by A. Unséld'® in the case of rota- 
tional broadening can easily be adapted: Writing W(y) for the original line depth and 
A(x) for the broadening function, we obtain the broadened contour, 


S(y) = © 


km /sec 
10 20 30 40 §0 60 10 20 90 400 St 


A 


02 Ob 08 10 12 


Fic. 1.—Theoretical line contours for 6 CMa 


Expanding this, we have 


2) =W(y) FW") Wy) +2 wy) 
1! 2! 


and integrating after multiplication with the even function A(x), we obtain: 
Ww" 


S(y) =W(y) (x) dx (x) dx, (8) 


10 Op. cit., pp. 318 and 319. On the latter page two misprints should be corrected: Eq. (77, 16) begins 
W(y+A) + W(y — A) 
2 


= — Wty), 


and the first part of eq. (77, 19) should read \ 
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Using (half) the “second difference” (easily derived from eq. |7]), 


we can write 
S(y) =W(y) +CA” (y), (10) 


with 


fxtdA (x) dx 
(x) dx 


_ [fx2A (x) dx]? 
fxtA (x) dx 


(11) 


A?= 


For our present A(x), putting in equation (5) AX, Ady = x, we obtain for the integrals 
occurring in equation (11): 


1 +o 1 +0 
V WT 


whence 


3 
A= v3 = 1.225 (measured in units of AX 7) (13) 


and 


C=}. (14) 


In order to construct graphically S(y) from Wy), we connect the points W(y+ A) 
and W(y—A) by a straight line. The vertical distance of (vy) from this line is A”, ac- 
cording to equation (9); one-third of this is, following equations (10) and (14), the re- 
quired correction S(y) — W(y). 

The dotted lines in Figure 1 indicate the result of this procedure applied to our damp- 
ing contours, again for AAy = 0.3 A. The line wings remain practically unaffected; the 
central intensities are somewhat increased, but not more than is compatible with the ob- 
servations. 

But how can we explain the sharp cutoff of the observed contours for the stronger 
lines at a AX about equal to the measured equivalent width? The most obvious assump- 
tion" is that, in measuring the microphotometer-curves, the continuous background has 
been traced at R = 0.30. A depression of the continuous background by such an amount 
had been noticed long ago by D. Chalonge and G. Déjardin® in the ultraviolet solar 
spectrum through the chance occurrence of the now well-known ‘‘window”’ at \ 3301. It 
is not surprising that the broader and stronger lines of an F8 supergiant produce a simi- 
lar depression even at AA 4000-4100. 

In Plate I of Struve’s paper the continuous background should be raised by 4.7 mm. 
On the other hand, we have in our theoretical Figure 1 drawn both this ‘‘conventional” 
background and (on the right side) the scale of the ‘‘measured”’ line-depth R’. The 
(dotted) theoretical contours, cut off at R’ = 0, agree very well in every respect with 
the corresponding measured contours in Struve’s Figure 1. The numerical value of Ady 
(together with the less important R,) naturally has been determined by trial and error to 
give a good agreement. The “conventional” equivalent widths of our three lines are 
easily measured by the planimeter as 


+a 
w= f = 0.16, O53 141A, 45) 


1 Compare also M. Minnaert, Zs. f. Ap., 10, 40, 1935. 
2 L’ Astronomie, 55, 193, 1941. 
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CURVES OF GROWTH 
while their true values are readily computed to be 


+a 
w= f Rd\=0.38, 1.22, and 2.45A. (16) 


The ratio W/W’ is about 2.3. . 

Summarizing, we note that all the observations in the spectrum of 6 CMa can be ex- 
plained by assuming a large-scale turbulence of = = 22 km/sec (corresponding to Ady = 
0.3 A near 4050 A) and by raising the continuous background near 4050 A in the ratio 
1:0.7. 

If, instead of large-scale turbulence, we assume rotation of 6 CMa, the effective equa- 
torial velocity 2 sin 7 must be chosen in such a way that the rotational contours will re- 
semble the Maxwell contour with = = 22 km/sec (Fig. 1). Using the velocity scale at the 
top of Figure 1, we find vsini ~ 30 km/sec. In addition, it is easily proved that wide lines 
are affected in exactly the same way by turbulent broadening = and by a rotation 7 sin i 
= 1.492. The question whether the true contours of weak lines in 6 CMa are better rep- 
resented by a Maxwell contour or by the steeper rotational contour can probably be defi- 
nitely settled only by high-dispersion spectra in the red, where it should be possible to 
trace the true continuous background between sufficiently separated lines.'* The visual 
impression of existing spectra’ '' favors the assumption of large-scale turbulence. 

It should be noted that the explanation which we have given for the absence of damp- 
ing wings in the strongest lines is not necessarily the only one that might be advanced. 
Another possibility would be to assume that the normal reversing layer of a star has a 
turbulence of the order of 5-10 km/sec and that above this layer there is an optically 
thin layer with considerably larger motions. Such a layer could be produced by a vast 
field of interlacing prominences. In this model the absorption coefficient of a line does 
not pass directly from the usual Doppler core to the damping wings. A second Doppler 
transition comes between. Very weak lines remain on the steep branch of the curve of 
growth, and saturation begins to become noticeable in accordance with the small turbu- 
lent velocity of the reversing layer; but lines of intermediate intensity begin to show the 
effect of the larger turbulent velocities of the prominences, and the corresponding part 
of the curve of growth is raised above that computed originally. The true curve of growth 
would show a slight bump in that region where the flat part of the original curve merges 
into the square-root linear part. In actual practice, however, it may not be possible to 
distinguish this bump, and the combined curve of growth would look as though it had a 
much more gradual transition, without the almost horizontal section that is so.conspicu- 
ous in the classical curves. For stars like a Orionis these considerations are almost cer- 
tainly correct. In the case of 6 CMa a clear-cut decision can probably be reached only 
after constructing accurate curves of growth based upon line measurements made in the 
red part of the spectrum, where the blending of the lines is not very serious. A qualitative 
comparison of the spectra of 6 CMa and a Persei suggests that the most intense lines are 
greatly strengthened and broadened in 6 CMa, while the fainter lines show little differ- 
ence. This would argue in favor of a high layer having large turbulent velocities. It is, 
of course, also possible that this effect and the depression of the continuous background 
are effective simultaneously. 


K. 0. WRIGHT’S ANOMALOUS CURVES OF GROWTH 


Using an extensive material of equivalent widths, measured for solar-type stars of 
various absolute magnitudes, K. O. Wright** constructed curves of growth separately 
for neutral and ionized atoms, as well as for narrow ranges of excitation potential. He 


13 Unfortunately, the pattern resulting from the superposition of a rotational contour with the in- 
rumental one (for the spectrographs usually available) resembles a Maxwell contour rather closely. 


11 J. L. Greenstein, Ap. J., 95, 161, Pls. VIII-XI, 1942. 
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found that, on the whole, these curves can be interpreted by assuming that the effective 
turbulent velocity is larger for ionized, than for neutral, atoms and larger for low, than 
for high, excitation potentials. In giants, where all these effects are more pronounced 
than in dwarfs, the damping constant y is lower for ionized, than for neutral, atoms; for 
dwarfs no significant difference in the y’s is found. 

These effects can be readily interpreted in accordance with B. Strémgren’s model at- 
mospheres. In the higher layers, with low pressure and temperature, the ionized atoms 
and the low-excitation states are favored, while neutral atoms and high-excitation states 
prefer deeper layers. If the atmosphere is in turbulent motion, the high layers with low 
pressure will have larger turbulent velocity £ than the lower, dense layers, according to 
the aerodynamic equation of continuity. Most of K. O. Wright’s results are well explained 
by this model. 

There remain some theoretical difficulties which have prevented its universal ac- 
ceptance: (1) For the sun all the investigators using 771 and Fet lines find uniform 
turbulence and surprisingly low excitation temperatures, near 4800° K. (2) Using solar 
V 1 lines, R. B. King and K.O. Wright® obtained a turbulence increasing with decreas- 
ing excitation potential or with increasing height. At the same time they obtained an 

excitation temperature of 5400 + 200° K, which corresponds to r = 0.4 in the usual 
models and therefore appears much more reasonable’ than the low value found for 77 1 
and Fe 1. (3) Comparing K. O. Wright’s excitation temperatures for various stars with 
what we know from their spectral types, color temperatures, etc., the solar T seems to be 
‘much too low. (4) Since it is generally assumed that strong lines originate in higher lay- 
ers than weak lines do, should we not expect strong lines to exhibit larger turbulence than 

weak lines? 

Let us try to reconcile these conflicting items in a coherent picture which should be 
useful at least as a guide to further research. With respect to points 1 and 2, we notice 
that—using the notation of Physik der Sternatmosphdren—a curve of growth can gen- 


erally be described by 
2AXp Awp 


where the function § depends on a = y/Awp, which is unimportant at present. Replacing 
& for a portion of its extent by a linear approximation with the gradient a, equation (17) 


becomes 


v aS 
log af log vuys+! 


log + 2a log \+ const. (18) 


a 


In this approximation (which for a ~ 3 fits the usual curves quite well in that part where 
the turbulence £» is relevant) any change of turbulence, Alog &, can be compensated by 
a corresponding A log Nf = — (1—a)/a Alog & ~ — 24 log &. We see from equation 
(18) that the solar 77 1 and Fe 1 observations can be interpreted also by assuming for the 
low-excitation lines—relative to high-excitation lines—a turbulence increased by A log &p 
and a number of atoms decreased by A log NHf ~ — 2 A log o, i.e., by an increased ex- 
citation temperature. As to order of magnitude, an increase in & by a factor of 1.5 (which 
appears reasonable from Wright’s papers) would correspond to A log NH ~ — 0.35. 
For x = 2 e-v the temperature T would be raised from 4800° to 5800° K, which is already 
slightly too much. This dependence of T on £y naturally ceases to be valid for long multi- 


16 K, Danske Vid. Selsk. Mat.-fys. Medd., 21, 3, 1944; Pub. Kopenhagen Obs., No. 138. 


16 It is true that the influence of Fraunhofer lines on the radiative equilibrium can produce consider- 
able change in the temperature-distribution of the higher layers of a star compared with the idealized 
“gray” atmosphere (cf. A. Unsdld, Zs. f. Naturforsch., 3a, 486, 1948). Taking into account the proper 
weight functions for various depths (M. Minnaert, B.A.N., 10, 339, 1948), it appears unlikely that the 
indicated excitation temperature for 771 and Fe 1 can be explained altogether in this way. 
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plets. But in these the ratio of the weakest to the strongest lines is often difficult to de- 
termine for the solar W’s, as well as for the laboratory or theoretical f-values. It is there- 
fore perhaps not unreasonable to expect that our present ideas indicate a way toward 
the solution of problems 1 and 2. 

If our proposed solution of the described paradox proves successful, considerable 
doubt must be attached to the use of “‘solar transition probabilities,” which are derived 
from solar equivalent widths by using indiscriminately a temperature as low as 4800° K. 
Altogether, at the present state of knowledge it seems not advisable to intermingle the 
analysis of stellar spectra with that of the solar atmosphere by using “solar f-values.” 
The additional importance of possible variations in the functional relation between effec- 
tive depth of the atmosphere and wave length has already been emphasized by Struve. 
Problem 3 should probably be treated from this viewpoint. 

Proceeding, now, to problem 4, concerning the depth which is mainly responsible for 
the production of a given line, we can restrict ourselves here to lines on the flat part of 
the curve of growth, since only here is turbulence important. These lines—as we have al- 
ready noticed—have (disregarding their distortion by large-scale Doppler effects) al- 
most rectangular contours. Their equivalent width is therefore essentially determined 
by twice the Ad for which a depth of ~50 per cent is reached. In these particular wave 
lengths, however, the ratio of line absorption to continuous absorption depends on depth 
in exactly the same way for weaker and stronger lines. Therefore, the same ‘‘model” ap- 
plies to these lines, and we should expect only a slight increase of effective turbulence 
with line intensity, owing to the fact that for strong lines the absorption coefficient in 
the outer parts of the line gains increasing importance compared to the central portions.® 
It is easily den-onstrated that the optical depth (measured for continuous absorption) at 
which a saturated line on the flat part of the curve of growth originates (if we concen- 
trate upon the equivalent width) is about half the depth for a corresponding weak line. 

Working in such a way with an “effective turbulence” chosen suitably for each line is, 
of course, to some extent unsatisfactory. Accurate calculations are possible, in principle, 
by quadratures. But computing a separate curve of growth for each line would involve an 
almost prohibitive amount of computing. 

It may therefore be appropriate to estimate what errors are likely from the conven- 
tional procedure of using one average curve of growth for each star. Since the total range 
of the &’s amounts at most to a factor of 3, we should—starting from an average value— 
according to equation (18), expect errors in the log NH of the order of +0.47 in the worst 
cases. Since from other sources errors of about +0.3 are quite likely, it will usually be 
quite satisfactory to start with a single curve of growth. However, one should always try 
to avoid progressive errors in constructing ‘‘empirical” curves from pieces which should 


really not be fitted together. 


REMARKS CONCERNING LARGE- AND SMALL-SCALE TURBULENCE 
IN STELLAR ATMOSPHERES 


It was probably first realized by S. Rosseland that, owing to the great Reynolds num- 
bers, practically all motions in stellar gases must be turbulent. Following the well-known 
work of G. I. Taylor, W. Heisenberg,"’ and C. F. von Weizsiicker,'* and others, we should 
think of a comparatively orderly large-scale motion, whose character is determined by 
the boundary conditions of the problem and which deteriorates into eddies. The latter 
divide again into smaller eddies, and so on, until, for a certain limiting size, the energy 
furnished by the larger eddies is exactly consumed by the molecular viscous friction. 

Taking into account only aerodynamic effects, the principal question is whether the 
biggest eddies in a stellar atmosphere are larger or smaller than the average free path of 


17 Compare W. Heisenberg, Zs. f. Phys., 124, 628, 1947; Zs. f. Naturforsch., 3a, 434, 1948. 
18 Zs. f. Ap., 22, 319, 1944; 24, 181, 1947; Zs. f. Phys., 124, 614, 1947; Zs. f. Naturforsch., 3a, 524, 1948, 
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a light-quantum. If the eddies are larger, we should have macro- and microturbulence; in 
the other case, only microturbulence. The average velocity of the macroturbulence must 
always be greater than that of the microturbulence. The aerodynamic problem concern- 
ing the size of the largest eddies depends on the depth of the upper and lower boundaries 
of the hydrogen convection zone and other similar data. A quantitative treatment is 
hardly feasible at present. The free path of light-quanta is of the same order of magnitude 
as the scale height of the atmosphere. On the sun the largest eddies which we observe in 
the granulation are ~5000 km in size. This is considerably greater than the scale height 
of ~100 km. We should therefore observe macro- and microturbulence. In his analysis of 
the solar atmosphere A. Unséld'® found macroturbulence only (~1.8 km/sec), but in the 
light of our preceding section the microturbulence of ~1 km/sec required by aerodynam- 
ic considerations might still be possible. 


19 Zs. f. Ap., 24, 306, 1948; 25, 352, 1948. 
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A SPECTROGRAPHIC STUDY OF THE ECLIPSING STAR 
V 377 CENTAURI 


JORGE SAHADE 
Observatorio Astronémico de Cérdoba, Argentina 
Received August 11, 1949 


ABSTRACT 
The spectral type of V 377 Centauri is about A3. The radial velocities are scattered within a strip of 
about 80 km/sec. The velocity-curve which would result from orbital motion is probably masked or dis- 
torted by an unknown cause. 


Spectrographic observations of V 377 Centauri! were started by the writer in 1946 with 
the 154-cm reflecting telescope at Bosque Alegre, using the Wood-grating spectrograph, 
which gives a dispersion of about 42 A/mm. Thirty-five measurable plates have been se- 
cured in 1946, 1947, and 1948. Prior to October, 1946, the spectrograms were taken on 
Eastman 103-O emulsion; thereafter, on Eastman 103a-O emulsion. The equivalent slit- 
width was 1.5 A in all cases. The star was never trailed along the slit. 


PHOTOMETRIC DATA 


The star was discovered to be an eclipsing variable in 1933 by D. O’Connell, S.J., on 
Riverview plates, the announcement being made two years later.’ O’Connell’s light-ele- 
ments, which are quoted in Schneller’s Katalog for 1939, are as follows: 


Maximum light.......... 8.44 mag. 8.25158 days 
Primary minimum....... 9.20 mag. JD 2427472.874 
Sah eA eres 8.9 hours There is no indication of secondary minimum. 


A new photometric investigation by Gaposchkin* confirmed O’Connell’s period but 
led to a different value for the epoch of principal minimum, namely, JD 2427472.814. 
The magnitudes derived by Gaposchkin are 8.95 at maximum and 9.55 for the principal 
minimum; again, no secondary minimum was detected. The phases used in the present 
study have been computed from Gaposchkin’s elements and corrected for the light-equa- 
tion. 

THE SPECTRUM 


The spectral type of V 377 Centauri on the Bosque Alegre plates is about A3, the lines 


being sharp. The Balmer series is seen up to #17, and the metallic lines are very faint.” 


No noticeable changes occur for different phases or for different cycles. 
THE RADIAL VELOCITIES 

The lines which have been measured for radial velocity are the Balmer series, from 
H# to Hy, the K line of Ca and Mg ut 4481. Since no systematic variation was found 
for the different elements, the mean from H, Ca 11, and Mg 11 was considered as the radial 
velocity given by each plate and is given in Table 1. 

Only on two plates, namely, 1111 and S 541, a few metallic lines appeared strong 

tq@ = 12554™4; 6 = —47°48’ (1950.0). CD—47°7979 (9.0 mag.) = CPD—47°5743 (8.5 mag.) = 
HD 112455 (Sp. AO). 699.1935 was the provisional designation as a variable star. 

2 W. O’Leary and D. O’Connell, A.N., 257, 391, 1935; O’Connell, Riverview College Obs. Pub., No.1, 
p. 8, 1935. 

3 Harvard Ann., 115, 86, 1947. 
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enough for measurement. From Plate I 111, Fe 1 4233 yields +46 km/sec, and from 
Plate S 541, the mean from Fe1 4045, Ca1 4227, Fe 1 4233, and Fe1+ Tin 4443 is 


+22 km/sec. 

Although the radial velocities are scattered within a strip of about 80 km/sec, there 
is a slight indication of the existence of a variation in velocity, the velocities immediately 
after primary minimum being of recession. 

TABLE 1 
RADIAL VELOCITIES OF V 377 CENTAURI 


Exposure Radial 
Time Velocity 
(Minutes) (Km/Sec) 


Date 


to 
+ 


1946 May 12 
1948 May 8 
1946 May 13 


nN 


++i 44+ 


1948 Mar. 
1947 Aug. 
1948 Mar. 
1948 Mar. 
1947 July 
1946 May 12 
1948 Apr. 21 
1948 Apr. 21 | 


35 
06 
22 
40, 
16 
00 
02 
35 
05 
40 
22 
3:14 
4:14 
S22 
6:08 
1:01 
7:20 
6:03 
0:53 
K 
7:44 
6:14 
8:32 
5:59 
3:19 
7:46 
6:02 
3:14 
6:46 
0:28 
13 
22 
22 


i 


In view of the available photometric data, the observed distribution of velocities can- 
not be accounted for by blending of the spectra of the two components of the system. The 
velocity-curve which would result from the orbital motion is probably masked or dis- 
torted by an unknown cause. V 377 Centauri reminds us of the eclipsing star AW Pegasi, 
investigated by Struve! several years ago. 


Mr. Julio Albarracin assisted me in the reduction of the plates. It is a pleasure to re- 
cord my indebtedness to Mr. Jorge Bobone, who very kindly took three plates of the 
field of V 377 Centauri with the astrographic telescope for checking the time of mid- 


eclipse. 
* Ap. J., 102, 120, 1945; McDonald Contr., No. 110. 


| | | | 
| 
74 0.139 
$102............. | 1946 May 13 70 0.193 
$104............ | 1946 May 13 70 0.292 
Se 1947 Aug. 10 82 1.223 
S561... 1947 July 26 90 1.748 
| § 183..............| 1946 June 17 ~165 2.186 
1101............. | 1948 Apr. 24 55 2.582 
| | 1948 Apr. 24 53 2.624 
| 1103............. | 1948 Apr. 24 53 2.664 
1948 Apr. 24 53 2.703 
S194... y 1946 June 18 60 3.139 +10 
70 3.143 +35 
ae 1948 Feb. 27 89 3.458 —37 
S$ 582... .... | 1947 July 28 90 3.781 —25 
$199........ .... June 18 92 4.041 -7 
1948 Feb. 28 82 4.528 —30 
I 66............ | 1948 Mar. 24 84 4.712 —29 
a ; 1948 Mar. 24 83 4. 808 — 6 
S 46............. | 1946 Apr. 23 52 5.087 —23 . 
1946: May 18 55 5.220 +10 
77 5.530 —20 
I 61... 81 6.458 -4 
81 6.460 +2 
69 6.513 —14 
78 6.734 —35 
es 68 7.521 +20 
64 7.551 — § 
49 7.839 +1 
59 7.881 | 
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‘ABSTRACT 
New light, orbital, and eclipse elements of the eclipsing system, RX Herculis, are presented. The new 
elements are based on a light-curve consisting of 323 photoelectric observations. Absolute dimensions 
have been computed with the aid of Sanford’s spectrographic elements. Each component is found to be 


almost 2 mag. too bright for its mass. 
A slight eccentricity in the orbit is indicated by the displacement and broadening of secondary mini- 


mum. This is one of the few cases in which the eccentricity has been determined from photometric ob- 
servations alone; it is found to be less than 0.02. 


The variability of RX Herculis! was announced by Sawyer? in 1898. Among the many 
early observers, the most active was Luizet,* who observed the entire light-curve and 
also determined fifty-two times of minimum. Because the early observers were unable to 
distinguish primary from secondary, they agreed in finding a period of about 0.8 day. 
Migs Clerke? first suggested that this period should be doubled; the validity of her sug- 
gestion was established by Shapley,® using his own visual observations and those of 
Wendell,® and by Baker and Cummings.’ Shapley used the visual measures to determine 
the orbital and eclipse elements; Baker and Cummings presented a solution based on 
their photographic light-curve. Absolute dimensions were determined in each case with 
the aid of a spectrographic orbit computed from measures of three Yerkes spectrograms;* 
the masses thus found were unusually low. This difficulty largely disappeared with the 
publication by Sanford® of a spectrographic orbit based on twelve Mount Wilson spec- 
trograms. However, because of the near-equality of the depths of the minima, the range 
of indeterminancy of the elements computed from visual or photographic observations 
was still large; the photoelectric light-curve here presented makes it possible to do away 
with much of this uncertainty. 


I. EPOCH AND PERIOD 


The minima occurred about 15 minutes earlier than the times predicted from Shap- 
ley’s® light-elements. A study of all available minima gives no definite evidence of any 
change of period. New light-elements are determined as 


Primary minimum = JD 2432380.7145 + 197785720E. 


The observed minima are listed in Table 1. The epochs and residuals are computed 
from the new light-elements. In the residuals of the secondary minimum, allowance has 


-been made for the small displacement of the secondary from the mid-point of the light- 


curve. The observed times are heliocentric and in Julian days; the decimals of a day are 


1BD+12°3557, HD 170757, Yale Parallax Cat. 5566. 
2A.J., 19, 120, 144, 1898. 
3 Bull. Astr., 22, 232, 1905; A.N., 157, 337, 1901; 168, 283, 1905. 
4A. M. Clerke, Problems in Astrophysics (London: A. & C. Black, 1903), p. 315. 
5 Ap. J., 38, 163, 1913; 40, 399, 1914; Contr. Princeton U. Obs., No. 3, pp. 38, 84, 1915. 
6 Harvard Ann., 69, 158, 1914. 8 Ap. J., 22, 215, 1905. 
7 Laws Bull., No. 25, 1916. Ap. J., 68, 51, 1928. 
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measured from mean noon in Greenwich mean time. As indicated in the table, the earlier 
individual minima have been combined to form normal minima whenever practicable. 


Il, THE OBSERVATIONS 


The present work is based upon 323 photoelectric observations made in the summer 
of 1947 with the 12-inch refractor of the Lick Observatory and a photomultiplier photom- 
eter constructed by G. E. Kron. This photometer uses a 1P21 tube, whose output is sent 
through an amplifier to a Weston Model 430 milliammeter. No filter was used in making 
the observations. 

TABLE 1 
OBSERVED MINIMA 


Epoch Observed it. Authority 


..; —10016 | 241 4506.542 +0.005 | | Sawyer, Ap. J., 19, 120, 144, 1898 
' —10001 | 4593213 — .003 | Hartwig, Geschichte und Literatur des 
Lichtwechsels (1920), IL, 138 
| Luizet, Bull. Astr., 22, 232, 1905; 
A.N., 157, 337, 1901; 168, 283, 1905 
| Ibid. 
| Ibid. 
Ibid. 
| Yendell, A.J., 22, 162, 1902 
| Luizet, op. cit. 
| Ibid. 
| Ibid. 
| [bid. 
| Zapper, Geschichte und Literatur des 
| Lichtwechsels, 11, 138 
9611. | Lehnert, ibid. 
9658.5 | Shapley, Ap. J., 38, 163, 1913; 40, 399, 
| 1914; Contr. Princeton U. Obs., 3, 
| _ 38, 84, 1915 
| Baker and Cummings, Laws Bull., 
| No. 25, 1916 
| Ibid. 
| Nijland, B.A.N., 6, 113, 1931. 
Tbid. 
Ibid. 
| Ibid. 
Pagaczewski, Warsaw Circ., No. 21, 
p. 5, 1945 
Parenago, A.N., 238, 210, 1930 
Pagaczewski, op. cit. 
Lause, A.NV., 266, 1, 1938 
Ibid. 
Ibid. 
Ibid. 
Wood 
Wood 
Wood 
Wood 
Wood 
Wood 
Wood 
| Wood 
| | Wood 


4864. 
4888.43 


5547. 
5578 .537 
5906.67 
6030.3 
6237. 
6055. 
6095. 
92606 


| 


6769.5 


6742 
0547 
6223 
5693 
5314.5 
3878 


3679 
2275 
2238.5 
2225 
— 2040 
2039.5 


I+ 


+++++++4+ 
i++ 


729 


| 
| 
| 


| 


* Normal minimum computed by me from individual minima of authority cited. 
+ Normal minimum. 
t Normal minimum computed by me from observations of authority cited. 


No. 
| 
| 
12... 
18... 
19... 
23... 
26.... 
| 
35... 
36... 
J 
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The initial plot of the observations showed an asymmetry amounting to several hun- 
dredths of a magnitude in the light-curve between minima. The observations at first 
quarter were lower than those just outside primary, while those at third quarter were dis- 
tinctly higher. A study of the comparison-check star measures suggested a variation in 
one of these. Assuming the check star, BD+ 11°3518, to be constant, corrections were ap- 
plied to the observations. The applied corrections were constant for a given night and in 
size were equal to the variation of the comparison-check star magnitude difference meas- 
ured that night from the mean comparison-check magnitude difference. When the meas- 
ures of the variable were thus essentially reduced to the check star, the asymmetry of the 
light-curve disappeared almost entirely. The evidence thus indicates that BD+12°3546 
varies over a range of at least several hundredths of a magnitude. Some of the peculiar- 
ities in the earlier curves may well have been caused by the use of this star as comparison. 
After establishing the probability of the variation of this star from my own observations, 
I discovered that it was listed as suspicious in both Dugan’s and Pierce’s finding lists. 
The only other reference to it that I found was that of Zapper (Contr. Capod., No. 3), 
in which he states that peculiarities in his curve can be explained by a variation of this 
star of 0.13 mag.; during the interval of my observations the variations were not more 
than half this amount. 

The observations are listed in Table 2. Times are in Julian days, decimals of a day 
measured from Greenwich mean noon and reduced to the sun. The phases are computed 
from the light-elements given in Section I. Each observation consists of three measures 
of the comparison star, six of the variable, and three of the comparison star. Frequent 
measures were made of the intensity of the sky background; the observations were cor- 
rected for this and for differential extinction. ‘The listed magnitude differences are those 
found after the corrections for the variability of the comparison star have been applied. 
The corrections which were applied are given in the accompanying tabulation. It is to be 


JD 243+ | JD 243+ JD 248+ JD 243+ 
2360.......| —O"005 | 2382.....| +0"018 | 2401...... | 2411.....| —0"023 
000 | 2383.....} — .005 | 2402......) — .021 | 2412..... + .023 
2373.......| + .082 | 2388 000 | 2403......| + .020 | -2422..... 0.000 
2374.......) + .013 | 2390 | + .002 | 2404......| — .012 
2380.......| — .010 | 2391.....) + .013 | 2405......) — .006 
0.000 | 2395.....| —O.012 | 2410......| +0.005 | 


emphasized that these corrections were applied only after a study of the measured mag- 
nitude differences between the check star and the comparison star indicated that the 
comparison star was probably slightly variable. 

The individual observations and the theoretical curve are shown in Figure 1. The prob- 
able error of an individual observation from the theoretical curve is +0.007 mag. . 


I, THE SOLUTION 
The light-curve outside minima indicates a small amount of ellipticity and no appre- 
ciable reflection effect. The observations between minima are well fitted by a computed 


curve given by 
1. = 0.9911 —0.0089 cos 26. (1) 


The lack of any detectable term in cosine @ is in excellent accord with theory. According 
to Russell,!° the coefficient of cosine should equal 0.35 — In 


” Ap. J., 108, 388, 1948. 


i 
7 
j 
4 
7 
i 
| 
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TABLE 2 


OBSERVATIONS 
| 
Time | | Time 
JD 2430000+ Phase JD 24300004 anv Phase 

| +0"861 + 143494 +0847 +141435, 
+ .873 +1.3556 + .856 +1.1496 
+ .866 +1.3612 + .856 +1.1540 
.7427.. + .866 +1.3711 + .849 +1.1585 
+ .847 +1.3771 + .855 +1.1777 

+ .854 +1.3832 
+ .864 +1.3892 + .245 —0.0012 
+ .848 +1.4034 + .254 +0.0039 
+ .856 +1.4095 + .259 +0.0090 
7881... + .857 +1.4165 + .287 +0.0148 
+ .858 +1.4346 + .330 +0.0207 
+ .849 +1.4417 + .369 +0.0258 
+ .832 +1.4487 + .411 +0.0306 
+ .834 +1.4569 7519. . + .443 +0.0374 
.8444...... | .844 +1.4728 + .506 +0.0424 
+ .846 +1.4800 + .536 +0.0474 
+ .860 +1.5014 + .575 +0.0527 
+ .845 +1.5065 + .636 +0.0622 
8847... + .846 +1.5131 + .666 +0.0677 
-8909...... + .858 +1.5193 eee + .706 +0.0724 
+ .864 +1.5265 + .724 +0.0767 
+ .864 +1.5429 + .731 +0.0838 
+ .850 +1.5496 + .772 ¢ +0.0885 

.9274. + .839 +1.5558 
+ .848 +1.5642 + .839 +1.1649 
+ .849 +1.5708 + .855 +1.1699 
| + .854 +1.1751 
2361.7187..... + .838 +0.5685 ee + .864 +1.1802 
+ .836 +0.5765 + .851 +1.1851 
+ .832 +0. 5831 + .861 +1.1899 
+ .841 +0.5908 + .872 +1.1947 

| .860 +0.6014 
+ .855 +0.6056 23827170: 5 + .831 +0. 2239 
.7617.. | + .827 +0.6115 + .841 +0.2313 
+ .867 +0.6231 + .846 +0.2370 
+ .835 +0.6292 + .850 +0. 2439 
+ .815 +0.6370 + .852 +0.2485 
+ .806 +0.6624 + .849 +0. 2537 
+ .811 +0. 6674 + .851 +0. 2581 
.8241 + .826 +0.6739 + .857 +0. 2644 
+ .841 +0.6817 + .854 +0.2693 
S003... + .828 +0.7061 + .855 +0.2738 
.8628... + .826 +0.7126 + .852 +0. 2904 
8096... + .826 +0.7194 + .852 +0.2950 
+ .830 +0.7255 + .848 +0. 2998 
+ .820 +0.7310 + .852 +0.3045 

6604... .. + .813 +0. 7362 
+ .828 +0. 7434 2383: 7100... + .859 +1.2229 
— .844 +1.2285 
2343. + .842 +0.1187 + .853 +1.2338 
+ .840 +0. 1234 + .874 +1.2382 
. 7288... + .828 +0. 1286 + .845 +1.2435 
+ .838 +0. 1451 + .859 +1.2478 
+ .855 +1.2526 
. + .862 +1.1125 + .853 +1.2618 
+ .863 +1.1170 + .853 +1.2676 
+ .852 +1.1210 + .857 +1.2725 
.7274. | (838 +1.1272 + .873 +1.2863 
| + .846 +1.1317 + .860 +1.2920 
+0.849 +1.1361 +0.855 +1.3070 


\ 
i ) 
| 
| 
/ 
| 4 


TABLE 2—Continued 


Time Time 
JD 2430000+ Phase JD 2430000+ Phase 
2383.8054...... +0"848 +143123 2401.7200....... +0858 +144412 
+ .853 +1.3189 e:.....1 +1.4541 
+ .847 +1.3240 
+ .856 +1.3286 2402.6943....... + .816 +0. 6369 
.8267 + .847 +1.3336 + .830 +0. 6432 
+ .848 +1.3387 + .837 +0. 6480 
8379... + .853 +1.3448 + .837 +0. 6600 
. 8426 +. +1.3495 + .821 +0.6647 
+ .847 +0.6720 
2388.7029......| + .410 +0.8741 cere + .836 +0.6799 
+0.8799 + .843 +0.6862 
7245... | + +0. 8957 .7690....... + .852 +0.7116 
.7292. + .410 +0.9004 + .840 +0.7212 
. 7349... + .428 +0.9061 + .835 +0.7293 
. 7392. . + .441 +0.9104 + .864 +0. 7382 4 
7442. . + 455 +0.9154 + .848 +0.7461 
+ .818 +0.7529 
2390.7095.... + .860 +1.1020 0006... .... + .863 +0. 7642 
.7142. + .861 +1. 1067 + .843 +0.7720 
7191... + .862 +1.1116 + .806 +0.7771 i 
7253... + .842 +1.1178 8487... + .765 +0.7913 
7302... + .840 +1.1227 8556. . + .769 +0.7982 
. 7347... + .857 +1.1272 + .732 +0.8030 
7394... | + .857 +1.1319 + .713 +0. 8088 
7461. . +1. 1386 .8735.. + .682 +0.8161 
7503. | 861 +1.1428 8779... + .676 +0.8205 ; 
. 7547. +1.1472 8842... + .666 +0.8268 
| 8889. + .627 +0.8315 
2391.7108. . | + .844 +0.3248 
7172. . + .844 +0.3312 2403 .6942 + .822 —0.1418 : 
.7217.. + .847 +0.3359 6997 + .833 —0. 1363 : 
.7271.. | + .849 +0.3411 . 7064 + .840 —0. 1296 
+ .838 +0. 3472 + .840 —0.1245 
.7374... + .837 +0.3514 + .837 —0.1202 
+ .844 +0.3560 .7200 + .841 —0.1160 
fee + .846 +0.3633 .7253 + .842 —0.1107 
7533... + .858 +0. 3673 + .814 —0. 1044 
+ .844 +0.3712 + .786 —0.0996 
+ .858 +0.3830 + .749 —0.0839 
+ .855 +0.3871 + .719 —0.0761 
+ .855 +0.4070 + .668 —0.0693 
+ .857 +0.4120 + .617 —0.0630 
.8043...... + .866 +0. 4183 + .583 —0.0574 
+ .865 +0.4228 + .558 —0.0483 
+ .856 +0.4271 + .490 —0.0415 
+ .848 +0.4320 + .429 —0.0342 
+ .848 +0.4385 + .367 —0.0286 
+ 855 +0.4428 . 8207 + .291 —0.0153 
+ .850 +0. 4468 + .287 —0.0077 
+ .268 +0.0039 
+ .798 +0.7956 + .306 +0.0087 
+ .734 0.8094 8498... + .304 +0.0138 
+ .721 +0.8139 + .332 +0.0200 
. 7629... + .690 +0.8198 + .395 +0.0271 
+ .307 +0.8738 + .429 +0.0314 
+ .398 +0.8793 + .468 +0.0364 
+ .377 +0.8852 + .536 +0.0421 
8408... + .400 +0.8977 + .569 +0.0466 
8467. + .420 +0. 9036 
id 8544....... + .441 +0.9113 2404.6944....... + .462 +0.8584 
+0. 526 +0.9270 .7003....... +0.446 +0.8643 
fe 


é 
| 
i 
| 
} 
| | \| | | 
i 
if 
4 
: 
LOY 
: a, 
4 


FRANK BRADSHAW WOOD 


TABLE 2—Continued 


Time 
Phase JD 2430000 + a-v I hase 


JD 2430000+ 


+-048684 | 2411.7506.... 
+0.8724 7547 

+0.8766 
+0. 8808 
+0.8849 
+0.8909 
+0.8950 
+0.8991 
+0.9036 
+0.9204 
+0.9264 
+0.9321 
+0.9382 
+0.9442 
+0 .9483 
+0.9540 
+0.9578 
+0.9637 
+0.9694 
+0.9754 
+0.9814 
+0.9882 


+0"762 +048003 
+0. 8044 

+0. 8093 
+0.8131 
+0.8169 
+0.8207 
+0.8273 
+0.8310 
+0.8352 
+0. 8391 
+0. 8430 
+0.8468 
+0.8506 
+0.8544 
+0. 8603 
+0. 8643 
+0. 8682 
+0.8724 
+0. 8769 
+0. 8809 
+0. 8851 


—(0.0237 
—0.0190 
—0.0147 
—0.0108 
—0.0061 
—0.0021 
+0.0021 
+0.0062 
+0 0164 
+0.0212 
+0.0251 
+0.0296 
+0.0350 
+0.0398 
+0.0435 
+0.0476 
+0.0570 
+0.0612 
+0.0654 
+0.0695 
+0.0733 
+0.0771 
+0.0810 


+0.0789 


7901... 
7938. . 
.8022. 
-8079.. 
18159... 
8178. 
.8220.. 
8276... 


444444444 


+1.0697 
+1.0754 
+1.0802 


+++ +444 


2411.7422 
7463. . 


++ +4 


this system the numerical value of this term is 0.0010. The complete effect of reflection 
on the uneclipsed light is given by 


IT =0.0118+ 0.0029 cos 26 —0.0010 cos 6. (2) 


From the elements of the system, the geometrical ellipticity of the brighter component 
should be 0.016; that of the fainter, 0.011; and the weighted mean, 0.014. Following Rus- 


4 
470 
: Time | 
2404.7044...... | +07432 | 
"7084... | “403 | 
365 | 
| 
409 | 
419 | 
560 | 
'7742.......| 
615 | 
638 | 
7900.00 671 | 
686 | | 
745 | 
790 | 
783 | 
2405.6935...... 707 | | 7099... | 
6904.0 740 296 | 
.7040...... 766 | +0.0894 .254 
800 | +0.0934 || 269 | 
828 | +0.1168 || 347 | 
828 | | 379 | 
.. 865 -+0.1460 408 | 
840 +0.1501 AM | 
7687... 841 | +0.1541 4860 
842 40.1590 | 516 
340 
2410 827 —0.1602 || .7859...... | 602 
847 —0.1545 || 632 
855 —0.1481 | 658 | 
828 —0. 1424 690 
832 —0.1325 | 8060.00... | 
839 —0.1283 || 746 | 
846 —0.1184 2422.6914...... | 822. | 
846 —0.1139 | 6971....... 854 | 
7019... 0. 858 
0.772 +0.7960 
i 
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sell!° and setting x = 0.6 and y = 1, we find that N (the ratio of photometric to geometric 
ellipticity) is 2.6; the computed photometric ellipticity is thus 0.037. That indicated by 
the light-curve is 2(0.0089 + 0.0029) = 0.024. This observed value indicates that V = 
1.67, which requires the small value of y to be 0.3. In order to agree with the theoretical 
value, the coefficient of cos 2 @ in equation (1) should equal 0.015. This can be achieved by 
an increase of only 0.005 mag. in the brightness of the quarter-points and a decrease of 
the same amount at the shoulders of the minima. Such a change is permitted by the ob- 
servations. There is thus no certainty that the discrepancy between the observed and the 
computed values of the photometric ellipticity is real. 


&o 0.4 08 
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Fic. 1.—Light-curve of RX Herculis 


The solution of the rectified minima indicates that the primary eclipse is a transit, in 
agreement with Sanford’s spectrographic results. The eclipses are partial. The secondary 
minimum is slightly broader than the primary and is displaced forward from the mid- 
point of the curve by 0.0020 day. This system is one of those in which the eccentricity of 
the orbit can be measured photometrically and not spectrographically. Such cases are 
rare at present, although photoelectric observations, especially of early-type stars with 
comparatively deep secondaries, will perhaps make them much more common in the 
future. 

The component e cos w is determined from the observed secondary displacement. The 
secondary minimum is sufficiently deep and well observed to permit an independent de- 
termination of the elements from it. Comparison of these with the elements determined 
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from the solution of the primary, using the method first developed by Russell," gives the 
component ¢ sin w and the true elliptic elements. Because of the complexity of the theory 


of partially darkened stars moving in an eccentric orbit, the final steps of the solution 
were made by successive approximations. 


TABLE 3 
SUMMARY OF RESULTS 
+ 12°3557 


Primary minimum 
Secondary minimum 
Comparison star, BD 
Initial epoch, JD 2432380.7145 
i 1.7785720 days 


PARTIAL ECLIPSE. TRANSIT ECLIPSE AT PRIMARY 
SOLUTION FOR DEGREE OF DARKENING 0.6 
Length of primary 0.2362 day 


Length of secondary 0.2440 day 
of secondary — 0.002 day 


0.232, 2.260 
0. 188, 1. 83 Ot 


* Photographic magnitude of Baker and Cummings. 
+ Using Sanford’s spectrographic elements. 


The most satisfactory fit to the observations is given by a curve computed from the 
elements listed in Table 3. The degree of darkening, 0.6, was assumed from the spectral 


types. For the computation of the absolute dimensions, Sanford’s® spectrographic ele- 
ments 


m,=2.078©0, a sini=3,194,000 km; 


mz = 1.8520 a2 sin i = 3,583,000 km 
were used. 


" [bid., 36, 54, 1912. 
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_ To test the determinancy of the elements, solutions were made for the lowest and the 
highest values of a§* for which the computed curve tolerably fits the observations; the 
results may be compared with the elements of Table 3. Table 4 contains the results of 
TABLE 4 


LIMITING SOLUTIONS AND SOLUTION FOR x = 0.4 


0.230, 2.240) 
0.176, 1.720| 0.184, 1.800 
86°6 85°9 


| 


these limiting solutions and also of one assuming a degree of darkening of 0.4. The curves 
computed from these solutions give a somewhat less satisfactory fit to the observations 
than does the curve computed from the elements of Table 3. 

Table 5 lists the normal points and their residuals from the computed curve. 


TABLE 5 
NORMALS AND RESIDUALS 


| | 
Phase | a-—v O-C n* Phase a-» o-C n* 
No. No. 

—041494 | +0"836 | —07001 5 +0.7468 | +07839 | + .002 6 
PR | —0.1327 | + .836 .000 5 | eer +0.7873 | + .793 | — .007 6 
Sole Pom —0.1214 | + .839 | + .003 4 nS 0.8040 | + .743 .000 6 
—0.1113 | + .836 |} + .006 4 +0.8149 | + .704} + .004 6 
—0.0822 | + .731 | — .010 4 +0.8263 | + .652 | + .004 6 
—0.0489 | + .535 | — .008 +0.8429 | + .553 | + .001 5 
Te —0.0203 | + .323 .000 5 Sees +0.8603 | + .451 .000 5 
—0.0056 | + .259 |} — .003 5 +0.8710 | + .413 .000 5 
ERO +0.0056 | + .267 | + .005 6 .- er +0.8774 | + .397 | + .002 5 
10 +0.0178 | + .319 |} + .005 6 Lee +0.8834 | + .380 | — .002 5 
i aa +0.0283 | + .398 | + .009 6 aa +0.8957 | + .400 | + .006 5 
+0.0387 | + .480 | + .002 6 | +0.9048 | + .424 | + .003 5 
| Sree +0.0491 | + .556 | + .008 6 | See +0.9201 | + .489 .000 5 
a +0.0664 | + .665 | + .001 6 43 +0.9458 | + .624/) — .006 6 
+0.0785 | + .724| — .002 6 +0.9758 | + .768 .000 5 
+0.0925 | + .782 — .003 6 +1.0868 | + .851 | + .010 5 
See fies +0.1164 | + .833 | — .001 6 ee +1.1171 | + .853 | + .010 6 
+0.1472 | + .842 | + .005 6 +1.1308 | + .849 | + .005 5 
+0.2397 | + .845 | + .002 6 +1.1443 | + .851 + .007 5 
aes +0.2750 | + 853 | + .007 6 eee +1.1645 | + .851 | + .005 5 
> +0.3229 | + 847 — .002 6 | ee +1.1855 | + .861 | + .014 5 
cee +0.3570 | + .845 | — .006 5 | ee +1.2358 | + .856 | + .006 6 
+0.3964 | + .856 + .005 6 +1.2721 | + .858 | + .007 6 
a +0.4350 | + .854 | + .002 ae |” eee +1.3207 | + .851 |} — .001 6 
pee +0.5877 | + .844| — .004 6 | re 1.3499 | + .859 | + .007 6 
; ae +0.6302 | + .832 | — .012 6 55 +1.3889 | + .856 | + .005 6 
+0.6624 | + .827 — .014 +1.4397 | + .846| — .004 5 
yee +0.6899 | + .838 | — .012 0 L.: ane +1.4989 | + .850 | + .004 6 
ae eas +0.7232 | +0.830 | — .007 6 Le +1.5516 | +0.852 | +0.009 6 


*n = number of observations combined to obtain listed normal. 


I | x=0.4 
85°3 
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The absolute magnitudes of the components may be computed from their radii and 
spectral types from the relation 


T 
M«Mo~5 les (z6)- 10 log (=). 


Taking the mean radii of the stars, assuming their temperatures to be 11,000° and 
10,500° K, and taking 5750° K and +4.62 as the temperature and absolute magnitude of 
the sun, we compute the absolute magnitudes of the components to be +0.1 and +0.9. 
The magnitudes may also be computed from the masses given in Table 3 and the mass- 
luminosity relationship. From the equation given by Russell and Moore,” 


log L = 3.816 log m —0.244 , 


the absolute magnitudes of the components are determined as +2.2 and +2.6. The dif- 
ference between these values and those derived above from the temperatures and radii 
indicate that each component is about 2 mag. too bright for its mass. This discrepancy 
appears to be real. In Sanford’s spectrographic elements, AK, = 130.6 + 4.0 km/sec, 
Kz = 146.5 + 5.3 km/sec. Hence, Ki + Ke = 277 + 6.6 km/sec, and the probable 
error in the combined mass amounts to only about +7 per cent. As indicated by the lim- 
iting solutions in Table 4, the uncertainty in the determination of the inclination of the 
orbit plane adds to this uncertainty by an insignificant amount. We seem here to have a: 
marked departure from the mass-luminosity relation by both components. 
The parallax of the system, as given in the Yale Catalogue of Parallaxes, is 07004 + 

(07009; this is a combination of two widely divergent values and is not adequate for a de- 
termination of the absolute magnitudes. 


The observational portion of this work was made possible by the grant of a National 
Research Fellowship by the Nationa] Academy of Sciences. I am indebted to Dr. C. D. 


Shane for the privilege of working at the Lick Observatory and to Dr. Gerald E. Kron, 
who designed the photometer and amplifier used. Dr. Newton L. Pierce kindly sent pho- 
tostatic copies of some of the earlier observations of the star. Most of the observations 
were made with the able assistance of Mr. Whitney Shane; the remainder with that of 
Mr. Howard Stackpole. For a critical reading of the manuscript and for many helpful 
suggestions I am indebted to Dr. Henry Norris Russell, Dr. Gerald Kron, Dr. Newton L. 
Pierce, and Dr. Edwin F. Carpenter. 


'° The Masses of the Stars (Chicago: University of Chicago Press, 1940), p. 112. 
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THE SPECTRUM OF NOVA DQ HERCULIS (1934) IN 1947 AND 1949* 


P. SwinGs AND P. D. Jose 
McDonald Observatory 
Received July 5, 1949 


ABSTRACT 


Spectrograms of Nova DQ Herculis obtained in 1947 and 1949 reveal striking changes in the spectrum 
of the nebulosity since 1942. The mean velocity of expansion remains the same as in previous years. 


The latest published descriptions of Nova DQ Herculis' were based on spectrograms 
obtained in 1942. The main emphasis had been placed on the structure of the shell as re- s 
vealed by the spectral lines. In combination with the remarkable direct photographs ob- : 
tained by Baade, the excellent Mount Wilson spectrograms studied by Humason de- 
termined the emitting atoms giving rise to the luminosity of the various parts of the 5 
postnova (nucleus, general nebulosity, pairs of condensations on the major and minor : 
axes). The range of velocities within the shell was found to be from 222 to 396 km/sec, a 
figure in agreement with the early observations of the main absorption components in 
1934 and 1935. The McDonald observations were in general agreement with the Mount 
Wilson results. 

Spectrograms of the nova were obtained on October 14 and 17, 1947, and on June 9 
and 17, 1949, at the McDonald Observatory. The two 1947 spectrograms were taken 
with the Cassegrain spectrograph (glass prisms and f/1 camera; quartz prisms and f/2 
camera), while the three 1949 spectrograms were obtained at the prime focus (grating 
spectrograph: //0.65 camera). In all cases the slit passed through the nucleus in an east- 
west direction, at an angle of 45° with the axis of the shell. The visual magnitude of the 
nova, measured photoelectrically by Dr. John Irwin on June 23, 1949, was 14.4. On ac- 
count of the faintness of the object, only low-dispersion instruments could be used. The 
nucleus appears to have very nearly returned to its preoutburst brightness (m, = 14.6, 
according to Harvard observations). 

The continuous spectrum of the nucleus, which appears on the 1947 and 1949 spectro- 
grams, is intense in the violet and ultraviolet, hence corresponding to an early type. On 
the 1949 material obtained with 103a-E emulsion, the continuum starts around \ 4800 
and extends into the ultraviolet to the limit of transparency of the solid Schmidt camera. 

Some weak continuous background also appears in the red. 

The Jines which reveal the best structure on our 1949 spectrograms are Hy and the 
intense Ha + [N 1] group. In Hy the shortward component is slightly stronger than the 
longward. It is precarious to derive velocities of expansion from the double line at Ha, 
since the longward component is heavily blended by the shortward component of \ 6584 
[NV 11]. However, the two [N 11] lines may be safely combined. The results obtained for the 
mean velocity of expansion are: 


In 1947: For He, 330 km/sec ; 
For H8+He1, 346km/sec. 
In 1949: For[N u], 293 km/sec ; 
For Hy, 320 km/sec . 
| * Contributions from the McDonald Observatery, University of Texas, No. 175. 
4 1M. L. Humason, Pub. A.S.P., 55, 74, 1943; W. Baade, Pub. A.S.P., 54, 244, 1942; P. Swings and O. 
ef Struve, Ap. J., 96, 468, 1942. For earlier investigations see references contained in these papers. 
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The previously published results are: 


Humason (1942): For [NV 1], 326 (+10) km/sec ; 
For Hy, 310 km/sec (mean for hydrogen, 314 km/sec) ; 


Swings and Struve (1942): For Hy, 314 km/sec. 

All these figures are in excellent agreement, considering the low dispersion of our 1947 

and 1949 material. The recent spectrograms do not enable a precise determination of the 
TABLE 1 


ESTIMATED LINE INTENSITIES IN NOVA DQ HERCULIS 
IN 1940, 1942, 1947, AND 1949 


Element 


# # 


| 
O [Fe Vu] 
Hil 


H 10 

H9 

[Ne 11} 

H 8+Hel 
Het+([Ne 111] 


Hel 
(S 11]+(0 11) 
[S 11} 


Noe 
ad 


= t 
SASS wow 
+ 


Av 


| -= 


| 


* Region not covered on the 1949 spectrograms. 
¢ Contribution of [Ne 11] minor. 

t Major contribution of N ut. 

§ Region not covered on the 1942 spectrograms. 
|| Region not covered on the 1947 spectrograms. 


» | Pe | 1949 1947 1942 1940 
............1. 0? 0-1 
0-1 1-0 
8 5 
3759... 3 3 
3970. 4t 4 
4026. . 
He 
Cu 
Hy 
Niu 
Hel 
Nil 
4542... Hell 
Ni 
4640... Nil 
Cm 
4686... Hell 
4861... Ae Hg 
4959. {O 111] 
(O 111] 
[Fe Vu] 1 § 
5276.. [Fe Vu} 1-0 § 
5412.. Hell 1-2 § 
5679. Ni 2 § 
5756 [N 11] | 1-2 § 
5801 1 § 
5876... Het 2 3 § 
6300 | 2 § 
6364 | 1 I § 
6548. {NV 10 \| § 
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ranges in velocities, such as had been obtained in 1942 by measuring the outer and inner 
edges of the spectral lines. It may only be said that the range in 1949 is of the same order 
as in 1942. 
Table 1 describes the variations in relative intensities of the emission lines arising in 
the nebulosity, from 1940 to 1949. These variations are brought about in the spectrum 
by the continued expansion of the excited gas and by the evolution of the exciting nu- 
cleus. On the 1949 spectrograms a few weak emission lines, not listed in Table 1, are due 
to N 11 and OIL. 
The most striking feature is the considerable intensity decrease of N; and N2. While 
these [O 111] lines were the strongest of the whole spectrum (with the possible exception 
of Ha) in 1940 and 1942, they have become weak in 1949. Line Ni, which used to be 
stronger than HB, has now become weaker. One gathers the impression that, contrary 
_ to expectations, \ 4363 [O 11] has gained (or at least not declined) in intensity relative to 
N, and Nz. [Ne 11] has practically disappeared. The [Fe vii] lines in the visual region are F 
not observed on our 1949 spectrograms. At this point of view Nova Herculis differs radi- 
cally from two other slow novae—Nova RT Serpentis (1909) and Nova RR Pictoris 
(1925). On the other hand, [O 1] has gained in intensity relative to [O 111] and O u1 lines, 
and even to the Balmer series. The line NV 111 is very strong; it is not entirely excited by 
Bowen’s fluorescence mechanism, since \ 4379 N 111 is present and since the fluorescence ; 
line of O 111 at A 3759 is not strong. ; 
The present spectrograms integrate over regions of the nebulosity which may have 
different physical conditions. Even so, it seems that the observed variations cannot be 
explained simply on the basis of a change in density and dilution in the expanding nebu- 
losity. The intensity decrease of [Ne 111] (and of [Ne v] in 1947) indicates a decrease in the 
ionization of neon. The intensity increase of [O 1] and the decrease of [O 11] also point 
toward an ionization decrease of oxygen. If the intense V 111 spectrum is emitted in a re- 
combination process, the N** ions must be photoionized to a considerable extent, which 
seems to be in contradiction to the situation concerning oxygen and neon. The second 
ionization potential of neon is 40.9 volts, the second of oxygen is 34.94 volts, and the 
third of nitrogen is 47.20 volts. The corresponding wave lengths are: 


For neon: (Ne+ — Ne**), 301.7 A 
For oxygen: (Ot + O**), \ 353.2 A 
For nitrogen: (V+*+ —> N+**), \ 261.4A 


The observations may be understood if we assume that the far ultraviolet exciting 
radiation of the nucleus differs considerably from the black body. This departure could 
bring about an irregular distribution among the stages of ionization, such as that dis- 
cussed by Bowen and Swings.’ It is also possible that fluorescence excitation by the un- 
derlying radiation plays an important role in the emission. Such a mechanism would be 
affected considerably by the far ultraviolet absorption or emission features of the excit- 
ing nuclear spectrum. 


Our thanks are due to Dr. O. Struve for his help in securing the 1947 spectrograms 
and to Dr. W. Baade for a field chart of Nova Herculis. 


2 Ap. J., 92, 105, 1947. 
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STELLAR SPECTRA AND COLORS IN A CLEAR 
REGION IN CYGNUS 


J. J. Nassau AnD DonaLp A. MACRAE 
Warner and Swasey Observatory, Case Institute of Technology 
Received August 1, 1949 


ABSTRACT 


Spectral types, photographic magnitudes, and photored color indices of 1237 stars are given for all 
stars brighter than photographic magnitude 12.0 within a circular field 3°7 in diameter, centered at 
a = 20500", 5 = +38°0 (1950). 


INTRODUCTION 


We present here the photographic magnitudes, the photored color indices, and the 
spectral classes of 1237 stars in Cygnus. A previous paper! contained the analysis of this 
material. The field covers a circular area 3°7 in diameter, centered at a = 20"00™, 6 = 
+38°0 (1950), and appears to be relatively free from interstellar absorption. 

It is planned that, in the future, observational material will be presented separately 
in this form, as far as possible. This is the second paper of this nature, the first having 
been published recently by McCuskey.? 


THE CATALOGUE 


: The following is a description of the various columns of the catalogue (Table 1): 
The first column gives the serial number of the star. The scheme of numbering is the 
| same as that of the Bonner Durchmusterung. An asterisk (*) following the number indi- 
cates that the star appears in the BD Catalogue. The letter ““R” directs attention to the 
remarks at the end of the table. 

The second column gives the photographic magnitude for each star. The method by 
which the magnitudes were determined was described in the paper containing the analy- 
sis. The catalogue is complete to 12.0 mag., and a few fainter stars are included. If no 
magnitude is given, the star is either very bright or a close double. 

The third column gives the photored color index for each star, based on the photored 
magnitudes described in the previous paper. The reasons for some omissions are similar 
to those given above. 

The fourth column gives the spectral type and luminosity for each star. We have made 
an effort to classify into three luminosity groups, but for most stars fainter than 11.0 
mag., two classes only (V and III) are used. The luminosity notation is that of Morgan, 
Keenan, and Kellman.* The letter ‘“‘m” following the spectral class designates an A-type 
star which shows the G band. The letter ‘‘p” designates a star which shows features not 
present in a normal star of its class. This includes the A-type stars which show the silicon, 
strontium, and europium characteristics. The colon (:) indicates a doubtful determina- 
tion due to faintness or the overlap of a neighboring star. In spite of our attempts to 
avoid overlapping by rotating the 4° prism or using the 2° prism, a number of stars re- 
main unclassified. All known double stars in the field have been re-examined to see what 
information is contained in our plates. The ADS numbers‘ are included in the remarks for 
these stars. 


1Ap. J., 110, 40, 1949, 2 Ap. J., 109, 426, 1949. 
3 An Allas of Stellar Spectra (Chicago: University of Chicago Press, 1943). 

‘ Aitken, ““New General Catalogue of Double Stars,’ Pub. Carnegie Inst. Washington, No. 417, 1932. 
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Table 1 
Observational Data for Region LF3b 


Zone +35° 
™pg 


9.69 +. 8.80 
11,30 +. 12.10 
11.55 11,66 

11.44 
10.82 


10.78 
10.49 
11.30 
10.67 
10.55 


Om wey 


12.11 
12.11 
10.16 
11.45 
11.66 


10.82 
10.56 
11.29 
10.51 
11.94 


12.01 
11,02 
10.56 


11.57 


10.82 
11.98 
11.09 
11,16 
11.18 


8.00 
11.24 
11,71 
10.68 
10.71 


11.94 
10.70 

9.92 
11.79 
10.99 


10.95 
11.04 
10.00 
11,22 
11.34 


- A0 91* 10.71 + .06 AO 
+ F5V 92 11.64 + .04 AO 
+ .30 BS 93 11.38 + .52 Gav 
- 108 B2 94 11.72 + .10 BO:: 
- 02 B9 95*R 7.26 .... KOM 
11.78 + 46 Fav 46* + 60 GOV 96 11.17 - .06 BO a 
+ 58 G5V 97 11.46 +1.13 
+ 48 + .40 F5V 98 12.12 + .50 F8 isi 
on Be: 49* +2.11 99 11.81 +.35 AS 
0.14 +1. 50 - BS 100 12.06 _- .05 AO 7 
51 + .37 AO 101* 8.91 - .09 B9 & 2. 
11.54 + .16 BS 52 + .35 A3 102* 10.15 +1.37 KOMI 
10.35 - .01 AS 53*R - 30 Ad 103 - .16 AO 
54 + 63 GOV 104* 10.45 - 09 A5 
03 -. 36 FO 10 11.48 + .07 B9 
56 + .98 KOIV: 106 +1.18 i 
yy 57 +112 107* 9.81 - .50 BS 
58 + 35 FOV 108* 10.27 - .16 B9 
960 .. 0 AS 59* - .06 AO 109 + .16 BS 
11 -11.27 + A2p 61 + .19 AO 111* 10.56 - .10 BO Ba 
1211.53 + F8V 62 - 18 BS 112* 10.82 + .07 B8 
13° + .03 A3 63* +1.59 113* 10.46 - .02 A2 
14 11.64 + FSD 64* 114 :11.76 + .28 F2v 
15* 9.65 + .17 FOV 41.07 ce 115* 9.34 + 40 ASm 
16 10.94 + .37 F8V 66 + .19 FOV 116  +1.08 
17 10.58 + .15 A5 67 + F5:: 117 10.80 + .11 A2 
18 9.78 + .02 FOV 68* + 44 FO 118 + .28 A3 
19* 10.82 41.12 KOIV: 69 + .22 BB 119* 10.64 + .27 FOV 
20* 10.30 - .38 B9 70R + 59 F8 120 11.14 - .02 B2 
4 
21 10.61 + .09 A5 71*R 121 -11.24 + FSI 
22* 10.68 + .12 FOV 72 + .26 A3 122 11.72 - .08 BS 
23° «11.62 + .70 G2 73 + .29 GOV 123 11,82 + .15 AO 
24 + BB 74* - 02 B9 124 11.86 + .20 BB: 4 
25* 10.37 +1.17 GSI + .01 A2 125* 11.89 + .29 F5V 
26* 10.49 + .24 AS 76 + .82 GO: 126* 9.54 + .22 A5m 
27 «11.70 + .51 F8V 17 +2.00 127* 10.65 +1.93 
28 K3I0 78* - .35 B2 128* 11.64 +1.21 
29* 9.66 + .39 GOIV 79 + .17 AO 129* 10.75 + .07 F5V ifs 
30 11.90 + .42 GO 80 + .05 AO 130 12.04 + .46 G2V 
31 12,11 + FSV 81 + .02 B9 131 11.70 + .24 F2V 
32* 11.18 + .03 AO 82* + A2 132 + .18 A3 
33* 11.62 +1.27 G8IV 83* - .28 AO 133* 11.16 + .41 F8V 
34. 11.40 + .42 A3 84 + FO 134* 11.62 +1.67 Kom 
35 11.78 + .66 GOV 85 - .04 BB: 135 11.44 + .40 FOV : 
36 + .65 GOV 86* 10.65 +2.75 KO:V: 136 + .32 FSV 
38 11.62 - .06 AO 88 12.08 + 60 Go: 138 .63 F8V 
39 + .50 F8V 89 12.08 +.14 BS 139° «11.82 + FO:: 
40* 10.92 + .98 GB8IV 90* 9.64 +1.13 140 + .30 K2:I: 
\ 
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Table 1 
Observational Data for Region LF3b 


Zone + 36° (Cont’d.) 
No. mpg R.L Sp. No. 


141* 8.09 + .11 191 
142* 11.39 +1.13 192 
143* 10.25 01 A: 193 
144 11.60 194 
145* 10.11 


146* 10.66 196 
147* 11.08 

148 12.10 . 198 
149 11.70 . 199* 
150* 9.51 200 


151* 10.85 

152 12.14 ° 202* 
153* 10.98 ° 203 
154 11.36 204* 
155 11.74 


156* 9.91 J 206 
11.40 . 207 
11,22 208 
11,46 209 
9.77 


11.24 
11.65 

9.66 
11.54 
11,11 


10.88 
11,32 
11.70 
11.74 
10.72 


11.32 
11.10 
11.88 
10.76 
12.00 


11.49 

9.65 
10.51 
11.44 
10.56 


10.98 
10.60 
12.04 
10.11 
11.10 


10.87 14; 
10.78 = -00 
11.83 
12.14 + .58 +1,41 + 31 
10.34 - .19 10.94 + .61 11.54 + .22 
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11.88 + .68 G2V 241 11.69 + .55 FSV 
11.11 + .01 B8 242 11.50 + .72 GOM 
12.04 + .66 G2V 243 11.48 + .22 A5 i 
11.00 + .34 F2IV 244* 9.83 +1.97 KSI 
11,28 +1.26 K2HI 245 11.82 + .50 FSM 
4 11.10 + .62 FO 246* 10.69 + .93 G5 id 
10.27 + .29 B2 247 11.93 + .21 A3 
11.97 +1.59 KONI 248* 9.72 + .12 A3 
11.02 - .14 AO 249 12.13 + .81 GO 
10.37 + .19 BS5:: 250 12.11 + .34 F2m 
8.79 +1.35 G8 251 10.90 + .11 B2 
12.06 + .81 F8: 252 11.88 + .58 A2 
; 10.91 + .17 A3 253* 9.71 + .25 A3: 
9.57 + .19 A3 254 11.60 + .32 A2 : 
10.31 - .02 A2 255 12.02 + .30 BS 3 
11.91 + .05 B9 256 11.77 + .20 A5 
11.11 + .15 A2 257 11.74 +1.40 KOM : 
10.97 + .04 B2 258* 11.02 +1.62 G8 : 
10.35 - .066 259 11.77 + BS: 
10.80 - .05 B9 260 11.58 + 61 F5V : 
161*R +2.76 MB8III 211 11.36 + .40 FO 261* 9.10 .... M2 
' 162 + .667 GOV 212* 10.45 - .28 B9 262 10.86 + .33 A3 - 
1" 163*R + .34 A5p 213 11.11 - .04 A2 263* 8.85 - .15 BS 
: 164 + .48 AS 214* 8.92 + .14 A2p 264* 10.90 +1.16 KOIV ; 
165 + .19 AS 215* 9.90 + .34 B5 265 10.69 +1.03 G8II 
166* + .26 AO 216* yi eee! 266 11.70 + .29 B2 
: 167* + .11 BS 217 11.38 + .56 GOV 267 11.48 + .14 A2 
168 + .34 B8 218* 10.91 - .15 B5 268* 10.21 - .17 B8 
169 + .34 B8 219 11.20 + .22 A3 269* 11.46 +1.16 K20 
170* + .47 F8V 220 11.03 +1.28 G8IV 270* 
171 + .20 F5V 221 11,25 + .31 B2 271* 10.80 + .17 B8 
172 + .14 FO 222 11.70 +1.28 G5 272* 9.43 - .22 B9 
173 + 68 F5V 223 11.83 + .86 G2V 273 11.36 +2.00 K3II 
174* + .24 AS 224 11.38 + .48 F8V 274 11.72 + .70 F8V 
175 + .76 FSV 225* 7.96 + .14 B2 275 10.87 + .44 F5V 
176 + .03 AO 226 11.90 +1.30 G2:V: 276 10.99 + .02 B2 
: 177* + .18 B5 227 11.26 + 34 A5 277 12.18 + .13 BS 
178* +1.46 G8II 228* 9.55 + .03 B8 278 12.04 + .70 GO: 
179 + .28 A3 229* 9.90 +1.18 G8IV 279 12.23 +2.71 M5V 
180* + G5V 230* 280 11.20 + .02 A2 
181 + .18 F2V: 231* 10.43 + .11 FOV 281* 10.34 - .06 AO 
182* + .10 B8 232* 9.26 + .36 B2 282 12.13 + .05 B8p 
183 + 63 GOV 233 12.06 + .30 A3 283 11.86 + .71 F8: 
1 184* + 39 F5V 234 11.76 - .10 B8 284 11.82 + .06 B3 
185 - .10 B8 235 12.18 + .17 B8 285 11.84 + .47 F2V 
186+ AO 
187* A3 
188 B3 
189 F2: 
190* B5 
3. || 


Table 1 


Observational Data for Region LF3b 
Zone +36° (Cont’d.) 


11.96 
9.34 +. , ‘ +1.08 
10.88 +. + 15 
12.16 86 - .06 


11.06 
12.22 
10.97 

7.15 
11.17 


11.80 
11.60 
11.48 
12.08 
11.95 
Zone 
10.99 


+ 


+. 
+. 
+. 


291 B2 Be 
292* G5:I: 
293 A5 
294 AO 
MSI 
296 .04 A0 4111.60 + .29 BS 91* 10.54 - 05 A2 
297 +1.08 GOV 42 11.49 + .53 0-88.75 
298% + 11 BS 43 11.45 +1.87 93* 9.29 + .45 F5V 
299% + 19 B9 44 +1.22 GSIV 94 11.86 + .66 GOV 
300 00 45 11.14 + .37 FSV 95* 10.52 + .16 FSV 
1 A3 ee 
46 «11.44 + 38 FS 96 11.87 + 58 F2 
303 0 BS 47 10.43 - .21 B9 97 10.58 + .19 B9 Fae 
304 1 BB 48* 10.94 + .12 F2V 98 11.66 + .20 FOV 
305 6 B8 49 11.44 + .40 F2 99 11.53 + .18 A2 eres. 
50 11.27 + .53 FS 100 - .33-B2 
i 
9.61 A2 101* 10.38 +1.15 KOMI 
52R 13.85 +2.95 N 102 «11.42 + .21 FOV 
7 ASp 53 11.60 + .02 AS 103 11.30 + 66 FSY 
54* 10.45 + .03 FOIV 104* 10.83 + 43. GOV 
55*R 9.22 + .08 AO 105* 10.62 +2.15 
10.74 IT AS 56 «10.98 + .04 A2 106 .25 BB 
6 12.07 19 B5 57 12.18 + .40 F2V 107 11.20 + 36 F2IV ‘ oot 
7 11.09 11 AS 58*R 11.14 + .36 10M 
8* 9.96 48 BS 59* 10.73 +1.91 G8II 109 10.96 +1.20 KOIV : 
9 11.05 01 60 10.85 + .22 F2V 110 11.56 + .24 F2vV 
61 11.80 +1.41 111* 10.74 +1.28 KOI 
il 11.92 - .03 B8 62 11.87 + .37 FS: 112 11.80 + .32 FOIV y 
12 11,52 + .92 GSI 63 11.54 +1.26 G5:: 113* 8,64 + .24 A5m 
13 11.58 + .62 G0 64* 9.08 +1.34 KOI 114* 9.65 + .07 FOIV i mt 
14 12.08 + .26 A3: 65 10.80 + .02 AO 115* 10.98 + .31 F2V - 
15 11.06 + .32 
16* 66* 10.68 +1.12 GOI 116 11,39 + .48 
67 11.66 + 48 FB 117 12.01 + .30 
18 10.95 +03 A3 68* 9.09 - .47 B8 118* 11.31 + .61 G5V 
19 11.03 + .67 G5V 69 11.88 + .26 F8V 119 12.14 + .08 A2 } a 
20* 11:99 4137 70 12,01 + 69 GO 120 «11.48 + 64 
21*R 10.09 + .34 F8IV 71* 11.11 + .07 B8 121 A2 
22 «11.48 + .25 A3 72* 11.49 + 63 F8V 122 + .10 A3 
23* 9.95 - .09 A5m 73 11.46 +1.32 KOM 123* 10.58 + .04 FO age} 
24 K20I 74* 9,12 - 56 B2 124 -11.19 - .39 
25 10.64 + .07 A3p 75* 10.27 - .02 A2m 125* 10.84 +1.11 G8I ‘ay 
26 «11.12 7% 10.64 +.14 FOV 126* 11.08 + .50 G2V 
27* 11.18 +1.52 KOMI 11.70 + .47 F5 1271.55 + .27 
28 .48 78 «11.46 - .08 A3 128* 10.01 + .21 
29 + .27 A3 79* 11,18 +.16 BS 129 «11.13 + 
30* 10.73 + .14 FOp 80 12.12 +.14 A5 130* 10.66 + .34 F8V - 
em... 81 11.13 - .07 AO 131* 21.20 +1.15 
32 + .13 82 12.08 +1.22 GO0:V: 132 10.94 + .04 A5p 
33 «11.27 + FSIV 83* 9.56 + .06 A3 133 12.02 + .06 A3 
34 11.18 + .38 84 11.02 - .33 B2 134* 9,69 + .18 F5V 
35 11.82 - .11 B9 85* 11.90 +1.30 K2: 135 12.05 + .43 ~ 
‘ 
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Table 1 


Observational Data for Region LF3b 


Zone +37° (Cont’d.) 
Mpg R. L Sp. 


11,21 + .38 GOV 
10.24 +1.48 K2I0 
12.12 + .22 
10.73 + .27 
12.17 


11.32 
11.70 
11.36 
11.36 
11.43 


11.82 
11.95 
11.70 
11.79 

7.94 


11.94 
9.47 
11.56 
9.52 
12.00 


10.82 
11.90 
10.90 

9.87 
11.46 


11.77 
11.76 

7.80 
11.86 
11.38 


10.54 
11.92 
11.71 
11.96 
11.15 


11.24 
11.09 

9.64 
10.90 
11.81 


12.06 
10.56 
12.08 
11.96 
10.96 


10.18 
11.80 
9.73 


=: 
| No. Mpg R.L Sp. No, Mpg R.I. Sp. 
136 186 11.00 + .35 F5V 236 12.00 + .38 F8 
137* 187* 10.93 + .29 GOV 237* 8.78 - .22 AO 
: 138 188 11.92 - .04 B8 238 11.51 + .18 F8V 
139° 189 11.31 + .39 FSV 239 12.08 + .44 F5 
140 190* 240 11.93 + .02 A3 
: 141 + .28 A3 191 12.08 + .43 F8: 241 11.84 + .04 A3 a 
142 + .26 A3 192* 9.78 - .44 BS 242 10.37 - .05 AO 
143 + .10 FOV 193 12.00 + .38 GO 243* 11.42 + .29 F5: 
144 - .03 B8 194 11.98 +1.40 KOID 244* 9.70 + .36 F5V 
145 + 33 F8&V 195 11.41 - .09 B9 245 11.84 + .24 FO 
146 + 34 F8V 196* 10.36 00 A3m 246 12.06 + .28 AO:: 
147 - 01 AS 197 11.18 - .19 BS 247 11.04 + .12 F2vV 
148 + .08 A2 198 11.26 - .20 AO 248* 9.04 - .22 B8 
149* +1.14 GSI 199 11.84 + 94 ... 249* 9.74 + .14 A3: 
150*R - 34 BS 200 11.06 + .32 F8V 250 11.94 + .26 A5 
151 +1,11; G8: 201 10.87 +1.89 KSI 251 11.76 + .22 F5 
152*R - .52 BS 202 11.18 +1.58 K2I0 252 11.72 + .25 F8: 
153 ae, ae 203 11.02 + .28 KOV 253 10.81 + .19 A5 
154* + 33 F8V 204* 11.02 +1.16 GSI 254* 10.37 +1.24 G8V 
155 - .04 B2: 205 12.08 +1.05 G2 255 12.08 - .04 A2- 
156 - .02 B9 206* 8.48 - .24 AOp 256 11.32 + .05 A3 } 
157 +*.38 F8V 207R 10.92 +1.67: KO: 257* 11.07 + .29 A3 
| 158* + .36 F2I 208* 8.80 - .04 BY 258 11.78 + .08 A5: 
159* - .49 BO 209 10.98 - .13 A2 259 11.16 + .56 KO 
160 + .31 F2 210* 9.47 - .02 AO 260* 10.55 +1.07 KONI 
161 + 46 F8: 211 10.92 + .27 F5V 261 12.01 + .35 FO 
162 +1.02 G5II 212 11.54 + .12 AS 262 11.66 + .48 F5 
163* - .16 B8 213* 11.28 + .27 FOI 263* 9.68 - .24 B8 
164 +1.26 GSI 214* 10.71 + .01 BS 264 11.12 +1.34 G8II 
165 + .10 FOIV 215 11.93 + .39 F8V 265 10.73 + .15 FOIV > 
166 - 49 BS 216 12.02 + .47 F8 266* 9.88 +1.20 KOM 
167 + .59 GOV 217* 10.44 + .41 F8IV 267 12.12 + .62 F8 
168 - .02 A3 218* 8.06 - .32 AO 268 11.34 + .46 GOV 
169 + .70 GO 219* 9.15 - .14 B9 269* 10.60 + .09 FOIV 
170* - 09 A3 220* 8.76 - .48 B3 270* 9.84 - .32 B2 
171 + .05 AO 221 11.34 + .39 F5V 271*R 10.59 +1.37 KOpIl 
172 + .37 F8V 222 11.51 + .99 G5 272* 9.91 +1.41 KOM 
173* - 13° A2 223 12.09 + .24 B9 273* 10.09 +1.19 G8II 
174* + 32 F5V 224 11.66 + .58 F5V 274 11.21 + .27 FO: ; 
175 - .09 AO 225 10.62 - .29 B9 275* 9.46 - .28 B9 
; 176 - 02 BS 226* 10.56 +1.21 G8Ii 276 11.48 + .84 G5SII 
177 +1.21 G8 227* 11.08 - .02 A2 277 11.84 - .06 B5 : 
178 + .55 GOV 228 11.59 + 69 F8 278 11.86 - .04 B8p oe 
179 + .30 BS 229 11.10 - .09 B2: 279 12,16 + .41 G0: “* 
180 + .14 A2 230 11.67 + .51 FO: 280* 8.24 - .20 AO : 
181* +1.20 G8IV 231 11.50 + .04 A3 281 11.75 + .51 AS — 
182 + .94 G8IV 232* 10.50 + .22 B9 282 11.50 .00 B2 &g 
183* - .16 AOp 233 12.10 - .02 A3 283* 10.05 - .33 AO "A 
185* + .07 BS 4 
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Table 1 


Observational Data for Region LF3b 


Zone +372 (Cont’d.) 


No. Mpg R.I. Sp. No. Mpg R.I. Sp. No. Mpg R.I. Sp. 
286* 10.77 +2.07 K5IV 336 11.46 + .23 A2 386 11.91 + .67 GOV 
287* 9.71 + 63 G5V 337* 10.48 +1.44 G8II 387* 10.22 - .05 A2 | 
288 12.18 + .12 A2 338* 10.71 +1.45 G8I0 388* 10.11 - .17 B8 
289 11.61 - .17 B5 339 11.66 + .22 A3 389 10.86 + .40 F8V 
9.55 - .43 B2 340 11.94 + .32 F5: 390* 10.35 + .61 FS8il 


291* 10.74 +1.04 G8II 341 11.48 + .06 B2 391 11.26 -00 AO 
292 12.08 + .88 G2V 342 12.17 + .07 A2 392 11.54 + .16 BS 
293* 10.04 + .35 FSIV 343 10.76 - .07 B2: 393*R 8.72 + .13 B2 
294 11,22 + .20 FO 344* 11.60 +2.52 K2I0 394 11.04 + .34 F8 

10.47 - .22 B9 345 11.38 + B2 395R 10.78 .00 AOp 


296 11.17 + .39 FOV 346 11,18 + .54 F5V 396 11.92 + .16 A3 
297* 10.56 +1.20 G8IV 347* 10.31 - .15 AO 397* 10.75 + .23 AO 
298 11.44 - .09 B8 348 12.01 + .59 GO 398* 10.26 + .32 FSV 
299 11.47 + .38 F2V 349 11.20 + .62 G0: 

300 12.06 + .24 AO 350 11.86 + .26 A5 Zone +38° 


301 11.70 + .08 A 351 11.70 + .58 F8I 1* 10.65 + .22 F2V 
302 10.75 + .24 F2V 352 11.53 + .41 FOV 2 11.68 + .40 F2V 
303* 10.64 - .05 B5 353* 11.51 +1.13 G5: 3* 11.46 +1.17 G8 
304* 8.08 + .52 F5IV 354 11.96 + .38 FO0:: 4* 10.03 - .37 B9 
8.10 + 11.81 +1.23 GOM 


9.94 + + 
307* 7.88 - .26 B8 1 357* 11.68 +1.47 ... 7 11.48 + .05 B5 
308 12.06 + .40 A5 358* 11.38 +1.20 G8IV 8 11.68 + .10 A2p 
309 11.90 - .26 B8 359 10.77 - .09 AOd: 9 12.10 + .50 F8: 
12.00 + + F2 


10.08 + A 
312* 9.25 - .11 B2 362 11.43 - .03 A3: 12* 10.58 - .02 AO 
313* 9.25 + .22 A3m 363 11,85 + .11 AO 13 11.73 +1.67 K2I0 
314* 10.13 + .19 FOV 364 12.06 + .40 FOV 14* 10.04 00 A2 

10.30 + + 33 FOV 


10.77 + 
317* 10.82 +1.20 KOM 17* 11.72 +1.48 
318* 8.38 - .18 B2 368 10.98 - .10 B5: 18 11.93 + .60 F5 
319 11.73 + 37 F2v 369 12.04 + .27 A0: 19* 9.84 + .21 A5m 


11.66 


11.74 + 
322* 9.99 + .11 B9 372 11.67 - .08 B5 22* 10.58 - .07 A2 
323 11.73 + .27 AS 373 11.66 - .07 AO 23 11.43 + .04 B5 
324* 10.70 + .94 GOM 374 11.93 B5 24* 10.39 - .11 B5 

11.39 +1,17 


9.77 + 
327* 11.72 +2.15 KSI 377% 10.71 +1.31 G8IV 27 11.08 + .04 A3 
328* 9.55 - .12 B2 378 11.16 + .12 AO 28 12.38 + .06 A5p 
329 11.75 + .21 AO 379 11.93 + .60 G20 29* ake eae 
11.74 + .40 FO: 


10.36 + +. 
332 11.12 - .08 B5p 382 12.06 + .05 B5 32 11.65 + .11 A3 
333* 10.61 + .07 B2 383* 9.49 - .23 B2 33 10.18 + .35 FOM 
334* 10.27 - .14 AO 384* 9.59 + .41 F201 34 10.39 - .15 B9 

12.00 + -. + .06 A2 


& 
be | 
: Fe 
; 
320 MM + .10 B9 370* 9.62 - .02 AO +. 
tg 
163 
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Table 1 
Observational Data for Region LF3b 


Zone +38° (Cont’d.) 


No. Mpg R. I. Sp. No. Mpg No. Mpg R. I. Sp. 
36 11.96 + .57 F5 86 11.24 + .22 B5 136 11.99 + .51 F5: 
37 11.74 + .73 GOI: 87 12.06 + .21 FO 137 11.37 - .23 AO 
38*R 9.86 +1.32 KOI 88 11.45 + .51 G2V 138 11.58 + .14 F2 
39* 11.00 +2.17 KSI 89 11.97 - .09 AO 139* 10.54 +1.09 KOI 
10.02 - A2 


41 11.53 ° 10.83 + .08 
42 11,12 + .07 A2p 92R 10.87 + .39 GO 142 11.00 - .46 B8 
43 11.88 + .53 GO 93 11,51 + .30 A5 143 11.44 + .04 BB: 
44* 10.45 - .19 B9 94 10.92 - .14 B8 144 11.26 + .30 

+ 10.16 - 11.60 - .26 


46 9.86 

47 11.41 + .17 A3 97 11.17 + .31 F2V 147 11.98 +. AS 

48 11.74 + .75 GO 98* 10.30 +1.70 KOI 148 11.70 +1.41 K2I0 

4° 10.69 +1.70 G8II 99* 10.15 + .35 F5V 149 11.50 + .17 F2V 
11.70 11.24 + .36 F8 


11.55 


52 10.45 - .02 AS 102*. 9.60 +1.15 G8:I: 152* 11.23 +1.09 8 

53* 9.22 - .16 B8 103* 10.56 - .42 B5 153 12.00 + .09 #5: 

54* 10.87 +1.25 GSI 104 11.41 +1.35 GSI 154 11.42 - .12 B9 
12,14 FOV 


56 11,08 

57* 10.60 + .15 FOV 107 11.18 - .33 B8 157 12.12 + .02 A3 
58 10.90 +1.04 G5V 108*R 9.17 - .61 BS 158* 8.80 - .12 AO 
59 11.40 +1.70 109* 9.91 159 10.79 - .13 BS 


12.08 A KOIV 


y - 10.40 + + 
62* 11.18 + .30 A2 112 11.08 - .04 AO 162 11.76 + .32 F2 
63 11.48 - .13 B9 113* 7.98 + .20 A0p 163 11.88 + .42 F8 
64* 11.42 + .06 AO 114* 11.11 + .43 F2 164 11.38 - .22 B8 
+ 11.57 + + F8V 


10.16 + 
67* 9.52 + .18 A2 117* 10.39 + .95 G5 167* 10.56 +1.36 KOI 
68 11.64 + .51 F8 118 11.78 - .16 B8: 168 12.00 + .52 F5: 
69 10.40 + .02 A3 119* 10.07 - .61 B5 169 11.80 +. A2 

11.32 + 


11,96 


712* 11.49 + .92 G2 122* 11.53 +2,03 K2I0 172* 7.77 - .23 

13* 123 11.76 + .32 F2: 173 11.98 + 52 F8 

74* 10.53 + .37 GOV 124 11.89 + .35 F8V 174* 11.50 +2.10 MOI 
- 9.95 42 G0 


11.09 + + 
1T* 8.47. +1.23: G5II 127 11.08 - .28 B8 177 10.55 - .27 A2p 
718 11.24 +1.20 G8II 128 10.44 - .35 B5 178*R 8.64 - .02 A2m 
a 719 11,73 - .19 AO 129 11.20 + .96 KOIV 179* 9.94 - .49 B5 
10.96 + A5 


+. 11.78 
- .22 B9 132 11.42 + .15 F8 182 11.52 +1.14 KOM 
83 11.51 + .39 F5 133* 9.82 - .39 B9 183 11.21 + .16 F8V 
- A2 11.28 +1.63 184*R 11.00 +1.16 G8 
+ 10.83 : +1,.23 


| 151 11.99 + .72 GO 
60* 11.36 +1.31 G5V 
+ 26 F2 171 11.83 + .45 GOV 
| 
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Zone +38° (Cont’d.) 


Sp. 


Observational Data for Region LF3b 


Table 1 


10.59 


No. ™pg KR: No. Mog R. I. Sp. No. Mpg R. I. Sp. 
186 10.40 - .03 A5m 236 «= 286 + .51 F8V 
187* 10.82 + .24 F8V 237 + .17 AS 287 + .16 A3 
188 12.08 + .30 FO: 238 0:11.47 + .39 F5V 288 + AS 
189 11.46 + .23 FOV 239* 11.02 +1.44 289 8.08 - .31 B5 
190 10.99 - 01 A2 240 11.98 + .55 290 + .19 AS 
Te 
191* 10.46 +1.36 G8III 241 10.59 + .21 FSI 8.25 .... : 
192 11.20 + .84 GO 242* 10.32 - .17 A2 292 + BS: 
193* 9,56 - .22 B9 243* 8,32 - 32 B8 293 «11.68 + .16 A3 
194* 10.84 +1.24 244 + 48 F8 294 0:11.65 .37 F2 
195 10.04 - .31 A2 245 12.11 + .33 FO 295* 10.67 +1.59 K2I0 a 
196 =-:11.24 + F2V 246 «11.83 + .40 F8V 296* 9.80 - .01 AO 
197 9,28 - .40 BS 247 .83 KO 297 + .52 GO 
198 12.04 + .46 F8 248 «12.20 + .15 BB: 298 «11.26 + F8V 
199 11.71 + 45 F2V 249* 10.57 +.12 A5 299 + .16 A3p 
200* 9.01 + .39 GOV 250 11.82 +.10 A5 300* 8,91 - .14 AO 
201 + .64 G5V 251* 9.99 - .08 AO 301 12.00 + .90 Gav 
202 - .17 AO 252 =-:10.83 + .07 A2 302 «12,11 + 
203 «11.96 + .42 FS: 253 10.77 - 08 AO +1.60 G51V 
204 .70 GO 254 10.61 - .23 A2 304 + .45 GOIV 
205 + .23 AO 255* 11.24 +.48 F5 305* 10.54 + .64 GOIV 
206 + .14 FSM 256* 10.67 + .14 AS 306" 9.35 - A2 
207 + .28 GOV: 257* 10.60 + .08 A3m 307* 9.96 .00 A3m 
208* 10.72 +1.27 KO:V: 258 «11.76 + F2: 308 10.96 + 62 GOV 
209* 9.66 + .37 GOV 259 «11,52 + 49 F8: 309 «11.88 + .70 G5 | 
210 + .14 AO 260°R .... .... GOV 310* 10.55 + .15 A3p 
211 11.28 + 261*R 9,50 + .12 A3 311 11.96 _g 68 
212 + .09 A3p 262 0:11.30 + F5 312*R 8.05 .02 A2 
213° «11,04 - .23 AO 263* 10.85 + .46 G2IV 313 FSV 
214 «11.79 + A5 264 10.60 + .10 A3 314 12.00 .40 A2: 
215* 10.15 - .30 B9 265 11.81 + .55 F8 315 11.80 .24 B9: me 
+ .88 266 + .26 A2 316 + .50 FOV 
217 .12 BS 267 «11.52 - A2 317* 9,99 + .05 A2 
9.69 - .39 BS 268 + .34 F5V 318* 9,14 +1.12 KOMI 
219 «11.55 + F2v 269 «11.82 + .14 F2: 319 =-:11.94 + .06 A5 
220 + .06 A2 270 + .29 A2 320 11.88 + .25 BS 
221*R 8.63 - .11 AO 271 11.60 B8 321s «11,94 + .74 G5 
222* 9.65 +1.55 KOI + .35 F5V 322 «11.34 + F8V 
223 10.37 - .26 A2 273*R 9.85 - .23 AO 323* 9,82 +1.31 KOM 
224*R 9.68 + .01 A2 274* 11.36 +1.68 K3:: 324 «11.74 - BS 
225*R 8.72 .... MOM 275 .56 G0: 325* 10.27 + .52 GOI 
+ .25 276* 10.02 + .34 FS5V 326 =«-:12,18 .18 BS 
227* 10.24 - 53 BS 277 «10.96 .27 327 «11.67 + .58 G2V 
228 10.41 + .37 GOV 278 + .16 FO 328 s«11.83 + FS 
229 «11.48 - .26 B9 279 + .35 F8V 329 «11,62 + .45 FSV 
230 «11.68 + .09 BS 280 11,71 + .03 A2 330 11.33 + .16 B2 
231 «11.34 + .36 FSV 281* 11.34 +1.16 G5V 331 12.12 + BS 
232 + .08 A3p 282 10.84 - .09 332 11.30 + .08 B2 
233* 9.78 - 56 BS 283 - .04 A2 333 «11.28 + B2 
j 235 + .24 F2V 285 11.43 + .37 F8V 335* - 19 B9 
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Zone +38° (Cont’d.) 


+ 
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5* 


4 


++ eet 


Table 1 


Zone +39° 

Mpg Bp. No. Mpg R. I. Sp. 
12.00 +1.32 K2 51 12.21 + .57 GOV 
11.97 + .73 F8V 52 11.88 +2.20 M2 
11.90 +1.24 G8III 53 12.26 - .02 BS 
10.79 + .03 A2 54 11.45 + .43 F8V 


9.05 + .51 


11.86 + .46 
11.02 +1.08 G8IV 57 
10.59 - .06 A2p 58* 9.42 + 46 FSV 
9.00 - .08 B8 59 11.70 + .01 B5 

10.50 


9.95 
11.37 + .30 AS 62 12.06 + .52 F5 
11.48 +1.23 KOV 63* 10.90 + .91 G8III 
11.44 + .54 F8V 64 11.66 + .45 F8 
11.43 


12.04 + 
10.64 + .01 A5 67 11.28 + .30 F2 
11.32 + .18 FSV 68* 10.21 - 37 B2 
11,92 +1.74 69 11.80 + .30 
8.13 + 


11.49 + 
11.06 +1.04 KOI 72 12.08 + .32 G2:: 
11.84 + .18 B5 713* 10.36 - .07 FOV 
10.89 + .57 F8V 74 11.19 + .39 F201 
11.81 + 


11.44 


10.68 +1,66 KOIII 78 12.06 + .28 A2 
11.19 + .07 AO 79 11.74 + .30 FOV 
9.27 - .19 B8 80 12.13 + .68 G9 


11.72 + .16 A3 81 11.76 + 

10.74 +1.28 KOIO 82 11.64 + .50 F8V, 
8.84 + .32 A3m 83 11.20 - .14 B9 
11,08 +1.67 K2III 84 11.94 + .28 F2 
11.16 + .08 A2 85 11.80 + .16 FOV 


.53 G2 86 11.96 + .28 F5: 


11.91 + 

11.00 + .99 87* 10.88 +1.24 
41.71 88 11.76 + .40 FSV 
12.14 + .12 AO 89* 11.14 + .40 F8 
13519 - =. Al 90 11.57 + .88 G8III 


12.00 +1.30 K2UI 93 12.06 + .80 G2V 
10.04 41.58 G8III 94 10.74 - .19 BS 
10.89 - .03 AO 95 11.32 +1.40 KO: 


+ 

+ 

98 11.72 + .38 F210 
9.53 + .53 GOV 99* 10.30 + 

+ + 


No. mpg Sp. No. 
336 10.98 + .04 B9 
337 12.14 = .72 GO 
338* 10.57 - .01 A5 
339 11.27 .... FSI 
340 11,72 + .31 FOV F211 55 1.82 + .43 FBV 
- 341 11.35 - .03 A2 6 
342 «12.28 + B9 1 
343* 9.65 -.17 AO 8* 
344 12.20 + .30 A2 9* 
345* 10.19 - .21 AO 10* 
346 +1.37. G8IV 11* 
347 «12.26 + .44 A2 12 
348* 11.44 + .20 B2 13 
349* 7.20 +.19 FOV 14 
350 11.97 +.71 F2v 15 
351* 10.76 + .98 F8III 16 
352 «11.94 + .56 A3 17* 
353* 11.06 + .94 G8II 18 : 
354 + .56 FSV 19 
355 12.00 + .48 F2 20* 
356* 9.97 +1.39 GSI 21 
357 11.39 + .16 AS 22* 
] 358* 10.96 +.47 F8V 23 
359 «11.98 + .40 FS 24* 
360 12,18 + .58 F5 25* 
361* 11.01 + .25 A5 260 «0.27 - 11 AS 
362 11,92 +.32 FOV 27* 
363* 9.61 - .27 AO 28% 
364 - .25 29 
365 11.18 +.07 BS 30* 
366 11.68 FS: 31 
367 11.11 rd 
368 FO: 33 
369 11.50 F5:: 34* 
370* 10.62 M36 FOV 35 
372 ff .25 BB 
373. «12.05 .41 
374. «:12.18 A5 
375 «11.59 .09 
41 10.57 - AOp 91 11.92 + .22 
376 + .17 BS 42 
377* 8.75 + 43 
378 .43 FO 44* 
379* 8.65 + .97 K2V 45 
380* 9.03 +1.86 
381 11.72 + .62 A2 471 
382 11.98 + .49 F5 48 1 : 
383* 9,93 + .20 A3 49+ 
384 «11.66 + .74 GO 50* 1 
486 


Table 1 
Observational Data for Region LF3b 


Zone +39° (Cont’d,) 

No. Mpg R.L Sp. No. Mpg R. I. Sp. No. Mpg &. 
101 11.76 + .34 F8 116 12.38 + .54 A5 131* 9.84 + .16 A5 
102* 9.98 +1.28 KOV 117* 10.93 + .99 Gé8III 132 11.64 + .36 F2V 
104 11.09 - .03 B5 119*R 10.29 +.11 FO 134* 10.43 05 A3 
10 11. 120 11.66 67 

135 12.12 + .92 G2V 
106* 9.41 +1.28 G8IV 121 12.19 + .31 AS 
107 11.22 + .14 AO 122 11.40 +1.08 G8 136* 
108* 10.76 + .26 F5I 123* 9.74 + .21 F5V 
109* 11.48 + .36 F210 124 11.14 - .05 B9 ie ijl 
110* 11.70 +1.98 K3I 125 11.44 + .25 A5 138 11.52 + .61 GOV 

139* 11.12 + .09 A3m 

111 12.04 + .11 AO 126* 11.58 +1.26 KOM 
112 11.88 + .47 FOV 127* 11.50: + .56: G5V 
113 11.99 + .61 F2 128 12.24 - .04 A2 
114 11.42 + .78 F8V 129* 10.11 + .37 FS5IV 


115 11.95 + .85 G2V 130 11.74 +1.18 KOIV 
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ZONE +36° 


53, BD 3693802, ADS 13211, the primary shows additional features, the companion is red. 
70, Double star, companion of 36°71, 
71, BD 3693807, ADS 13240, the companion is 36°70. 
95, BD 3693820, 4150 strong. 
161, BD 3693852, AA Cygni. 
163, BD 3693854, ADS 13338, the observed peculiarities might be due to the companion. 
306, BD 3693920, ADS 13473, companion might be an A star. 


ZONE +37° 


16, BD 3793670, H & strong and other peculiar features, composite (:). 
21, BD 3793673, ADS 13131. 
52, PV Cygni. 
55, BD 37%3685, ADS 13151. 
58, BD 3793686, ADS 13153, no evidence of the spectrum of companion. 
108, BD 3793703, ADS 13198. 
150, BD 3793723, ADS 13262, the companion is 379152. 
152, BD 3793725,double star, the companion of 379150. 
207, ADS 13309, the spectrum appears composite, the companion might be an F star. 
249, BD 3793760, ADS 13360, uncertainty due to companion. 
271, BD 3793769, 24150 strong. 
367, NGC 6881. 
393, BD 3793816, ADS 13501. 
395, HYsharp. 


ZONE +38° 


38, BD 3893818, ADS 13146, no evidence of the spectrum of companion. 
80, ADS 13181, the companion appears to be an A star (mpg = 12.7). 
85, BD 3893839, ADS 13187. 
92, ADS 13195. 
108, BD 3893848, ADS 13206, interstellar K and }4430. 
178, BD 3893871, ADS 13284. 
184, BD 3893872, ADS 13288. 
221, BD 3793741, ADS 13311. 
224, BD 3793743, double star, companion of 389225. 
225, BD 3793744, ADS 13318, the companion is 38°224. 
260, BD 3893896, ADS 13348. 
261, BD 3893898, ADS 13351. 
273, BD 3893902, ADS 13364, additional features in the spectrum are due to companion. 
312, BD 3893913, ADS 13408. 


ZONE +39° 
119, BD 39°4037, ADS 13395, appearance of the spectrum of the companion suspected. 
Sequence stars - The following stars served as magnitude standards 


(photographic and photored) in the field. 
379304, 307, 311, 313, 322, 328, 333, 343, 345, 348, 349, 360, 375. 


389338, 340, 349, 357, 363, 377, 380. 
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SPECTRA IN CYGNUS 495 


DESCRIPTION OF THE CHARTS 


Our field is reproduced with considerable overlap in the six charts of Figures 1, a-/; 
the insert in Figure 1, a, shows their relation to one another. 

The star charts were made by a photographic process from one of our Schmidt blue- 
sensitive plates. The stellar images on the original negative are much too small to be re- 


produced properly in the necessary enlargement. The reproduction process described be- 


(UPPSALA) 
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(H.DE.) ‘ 
LLO Pe 7 e 
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Fic. 2.—Comparison of magnitude systems of Case (horizontal scale), HDE (vertical scale at left 
and filled circles), and Uppsala (vertical scale at right and open circles) for all stars common to the three 
investigations. 


low enlarged the star images by a factor of about 10, while the field was enlarged 2.3 
times. 
{ - First, a contact positive is made from the original negative. Next this is placed in a 
q printing frame, in order to make the second negative; but, instead of putting the positive 
in contact with the film, the former is separated from-the latter by a }-inch-thick piece 
_ of clear glass. The source of light is a 2-inch segment of a fluorescent tube placed about 
= 2 feet above the frame. Each star image in the positive acts as a pinhole camera and pro- 
. jects a short rodlike image of the light-source on the film. During the exposure, however, 
the printing frame, which is mounted on a turntable, is given one or more complete rota- 
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tions. The images which result are filled circles, considerably larger than the original star 
images. 

The sensitive material used is Kodalith film, which has extreme contrast and provides 
a sharp cutoff at a certain energy density. This means that stars fainter than a critical 
magnitude will not be reproduced, yielding a cleaner chart. Another important result is 
that stars brighter than that limit will be represented by circles of increasingly larger 
diameter, the conventional means of representing the brightness of a star. 
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Fic. 3.—Comparison of systems of spectral classification. The open circles at the top of the figure 
show the relation between the Case system and the Uppsala system (upper scale at the left). The filled 
circles refer to the HD system, with the scale at the right of the figure. The lower open circles designate 
HDE spectral types (lower scale at the left). The area of each circle is proportional to the number of stars 


at each point, the smallest circle representing 1 star and the largest 25. The only stars omitted were 
those for which no spectral subclass was given. 
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The number of rotations of the frame at a given speed and the length and position of 
the light-source must be adjusted to give the desired size of image and limiting magni- 
tude. A second contact positive is made from the second negative, and a master-enlarge- 
ment is provided, on which the stars are numbered and the co-ordinates drawn in. This 
final chart is photographed in sections, and the charts are reproduced from these by the 
offset process. We are indebted to Mr. D. E. Snow for developing the process and making 
all the necessary photographic reproductions. 


COMPARISON WITH OTHER INVESTIGATIONS 


Figures 2 and 3 show diagrammatically the relation between our magnitudes and spec- 
tra and the corresponding data by other investigators for some of our stars. 


TABLE 2 
COMPARISON OF GIANT AND DWARF CLASSIFICATIONS 


Uppsala 


The lower portion of Figure 2 shows the relation between the Case photographic mag- 
nitudes and those of the Henry Draper Extension.’ A systematic difference of 0.04 mag. 
seems to be present, but it is probably not significant. In the upper portion of the figure 
a similar comparison is made with Schalén’s magnitudes® and reveals no systematic 
scale error, although there is a zero-point difference of 0.07 mag. 

The spectral classification systems of the three investigations are compared in Figure 
3. In this figure the area of each circle is proportional to the number of stars at each point. 
The smallest circle represents one star and the largest twenty-five. In the paper contain- 
ing the analysis we referred to the tendency for our B5 stars to be classed as B8 or AO in 
the HDE, and for our A stars to be classed as F-type by Schalén. In the latter case six of 
the thirteen A-type stars showed metallic-line or peculiar characteristics on our plates. 

Table 2 exhibits the comparison in the classification of giants and dwarfs between 
Case and Uppsala. The agreement seems satisfactory. 


5 Harvard Ann., Vel. 100, No. 1, 1925. 
6 Uppsala Medd., No. 55, 1931. 
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ON THE AXIAL ROTATION OF THE BRIGHTER O AND B STARS 


ARNE SLETTEBAK 
Yerkes Observatory 
Received August 18, 1949 


ABSTRACT 


Rotational velocities have been determined for a total of 123 stars, comprising the brighter O, B2-B5, 
and B2e—-B5e stars. The methed involves the comparison of the observed line contours of He 1 4026 with 
theoretical line contours computed by means of a graphical method for various equatorial rotational 
velocities. An attempt has been made to take into account the effects of limb darkening, gravity darken- 
ing, and differential rotation on the computed line contours. Values of v sin i in excess of 400 km/sec 
were found for several stars in each of the three groups studied. 

The Be stars have the most rapid axial rotation observed for any class ot stars; their mean rotational 
velocity was found to be at least 150 km/sec larger than the mean rotational velocity for the correspond- 
ing group of B stars. Among the Be stars the shell stars have the largest rotational velocities and the 
pole-on stars the smallest, which is interpreted as an inclination effect. The observed rotation in the Be 
stars is somewhat lower than would be expected under the assumption that these stars may be represented 
by Roche models at the point of rotational instability. It is suggested that radiation pressure and tur- 
bulence may be responsible for the discrepancy. Rapid rotation appears to be principally confined to 
stars on or slightly above the main sequence. 


I, INTRODUCTION 


The idea that the axial rotational velocities of the stars could be determined from 
measurements of the broadening of the spectral lines was first expressed by W. de W. 
Abney! in 1877. Schlesinger,’ in 1909, obtained the first convincing evidence of axial ro- 
tation of stars from the limb effect in the radial-velocity-curve of the eclipsing binary 
system 6 Librae—an effect which has since been found in many eclipsing systems. Statis- 
tical methods by Shajn and Struve* in 1929 indicated that, in spectroscopic binaries at 
least, excessive line broadening is essentially a result of rotation. The extension of this 
conclusion to single stars is largely due to the investigations of Struve and his co-work- 
ers.‘ In 1930 Elvey® published the first list of rotational velocities derived from compari- 
sons of measured line contours with contours computed by means of a graphical method 
suggested by Shajn and Struve.’ Other lists have followed, the most extensive being that 
of Miss Westgate.® No attempt has been made, however, to derive rotational velocities 
for those stars which show the broadest and shallowest line contours and which are there- 
fore presumably rotating most rapidly. The existence of very large rotational velocities 
has been pointed out by Morgan’ in a low-dispersion study of the spectra of the early 
B stars; he estimated rotational velocities of 300-400 km/sec for a considerable number 
of stars, the majority of which are of type Be. It is the object of this investigation, there- 
fore, to derive rotational velocities for the brighter early B and Be stars with the broad- 
est absorption lines, taking into account the effects of limb darkening, gravity darken- 
ing, and differentia] rotation on the rotationally broadened line contours and, further, 
to compare the B and Be stars with respect to axial rotation. 


1 M.N., 37, 278, 1877. 
2 Pub. Allegheny Obs., 1, 134, 1909. 3 M.N., 89, 222, 1929. 


‘ For a general discussion of the observational evidence for stellar rotation and summary of work in 
the field to 1945 see Struve, “The Cosmogonical Significance of Stellar Rotation,” Pop. Astr., 53, 201, 
259, 1945. ; 


6 Ap. J., 71, 221, 1930. 
6 Ap. J., 77, 141, 1933; 78, 46, 1933; 79, 357, 1934. 7 AJ, 51, 21, 1944. 
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II, THE OBSERVATIONAL MATERIAL 


Rotational velocities have been determined for a total of 123 stars, which are di- 
vided into the following three groups: 

1. All Be stars brighter than magnitude 6.0, north of declination — 30°, and with spec- 
tral types between B2e and BSe on the Morgan-Keenan-Kellman system. Stars of type 
cBe have not been included, as their emission characteristics are not associated with 
rapid axial rotation. Group (1) comprises 50 stars. 

2. The broadest-lined stars with spectral types between B2 and B5 on the MKK sys- 
tem, brighter than magnitude 5.5, and north of declination — 30°. The selection in this 
case was made possible by the classification of all the bright B stars into classes of ap- 
proximate line width, determined visually by Morgan with low-dispersion spectra. A 
total of 52 stars was studied. 

3. All stars of spectral types O5-O09, brighter than magnitude 6.0, and north of 
declination — 30°. This group contains 21 stars. 

In all three groups, systems showing two spectra were eliminated. 

The spectra were obtained with a small one-prism spectrograph attached to the 40- 
inch telescope of the Yerkes Observatory and were greatly widened to reduce the effects 
of plate grain on the microphotometer tracings. The dispersion is approximately 60 
A/mm at Hy and 40 A/mm at \ 4026. Eastman 103a-O plates were used and developed 
in a fine-grain developer similar to Kodak D-23. Calibration of the plates was effected 
by means of a step-slit spectral sensitometer, which, in turn, was calibrated photoelec- 
trically at \ 4026. The line contours were finally obtained from microphotometer trac- 
ings made with the Beals microphotometer of the Yerkes Observatory. 


THE METHOD OF DETERMINING THE ROTATIONAL VELOCITIES 


The graphical method suggested by Shajn and Struve’ and first employed by Elvey® 
was used to determine the rotational velocities. The idea underlying this method is to 
assume that the undisturbed contour of a line is similar to that actually observed in a 
narrow-lined star of similar spectral class—an assumption which has been justified by 
the work of Carroll.’ The apparent disk of the star is divided into a number of strips paral- 
lel to the axis of rotation, each producing the contour of the narrow-lined star multiplied 
by a factor such that the equivalent width is proportional to the relative area of the strip, 
for the case of a uniform stellar disk. Any value chosen for the equatorial rotational veloc- 
ity of the star then determines the radial velocity of each strip and therefore the Doppler 
shift of the contour produced by that strip. The summation of the contributions from all 
the strips gives the rotationally broadened contour, which is then fitted to the observed 
contour to obtain the rotational velocity of the star. In the present work 40 strips were 
used. 

Despite the pronounced Stark effect present in helium, the line He 1 4026 seemed to 
be the most suitable and was accordingly used in the determination of the rotational 
velocities. It has the advantage of reaching maximum intensity at spectral types B2-B3, 
which means that little change in the line contour is expected in the range of spectral 
types considered. 

Two standard narrow-lined stars have been selected to represent zero rotational ve- 
locity: « Herculis for the more intense lines and e Cassiopeiae for the fainter lines.* Both 
are of spectral type B3 and near the main sequence, according to Morgan. The observed 
line profiles have been scaled to the same equivalent width of one or the other of the 
sets of rotational profiles derived from the standard stars, so that an accurate compari- 
son can be made. With the spectrograph used, the He 1 4026 profiles in the standard 


5 M.N., 93, 478, 508, 680, 1933. 


® The weakness of the helium lines in ¢« Cassiopeiae was pointed out by Morgan in An Atlas of Stellar 
Spectra (Chicago: University of Chicago Press, 143). No explanation is available as yet. 
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stars are largely instrumental. The « Herculis profile shows an asymmetry which seems 
to be real and was therefore not removed; the violet wing is somewhat stronger than the 
red. This asymmetry may be due to a blending with the forbidden helium line at 4025.4. 
It can be shown’? that the profile of a line broadened by rotational and instrumental ef- 
fects can be represented by applying the rotation to the observed, instrumentally broad- 
ened line profiles of a nonrotating star. Since the standard line contours from the non- 
rotating stars were obtained with the same spectrograph and under the same conditions 
as the line contours from the rotating stars investigated, the effect of instrumental broad- 
ening was not taken into account. 

Figure 1 illustrates the observed line profiles of He 1 4026 in « Herculis and ¢ Cassi- 
opeiae, and rotational profiles derived from them for several values of the equatorial ro- 
tational velocity, on the assumption of a uniform stellar disk. 


IV. THE EFFECTS OF LIMB DARKENING 


The assumption of a uniform stellar disk is a crude one; effects such as limb darkening 
and, for the most rapidly rotating stars, gravity darkening must play a role, and it is of 
importance to determine their influence in computing the contours. An attempt has been 
made to take some of these factors into account, though the results can be considered 
only as a first approximation. Thus a linear law of darkening (see below) has been as- 
sumed and the darkening coefficients computed for the B2-B5 stars and for the O stars; 
but the variation of the absorption line itself, owing to the dependence of the effective 
optical depth on the distance from the center of the disk, has been ignored. A decrease 
in equivalent width from center to limb would be expected,'! so that the inclusion of this 
effect would tend to make the computed line contour slightly deeper and narrower and 
therefore would increase the measured rotational velocities. The amount of increase is 
probably not more than that due to the limb darkening, however, which amounts to 
about 4 per cent for the B2-BS stars and about 8 per cent for the O stars. 

The law of darkening for a stellar atmosphere in local thermodynamic equilibrium is 
given by 


where /,(6) is the emergent intensity in the frequency v and in the direction inclined at 
an angle @ to the normal, B,(7;) is the Planck intensity in the frequency v and at the 
temperature 7, prevailing at the optical depth r, x, is the monochromatic absorption co- 
efficient, k is the mean absorption coefficient weighted with respect to the fluxes, and 
x,/k is assumed to be independent of depth. 

In main-sequence and giant stars of spectral types B2-B5, the continuous absorption 
arises principally from the photoionization of hydrogen and, to a lesser extent, from elec- 
tron scattering. Aller has computed x, 4100 and « asa function of 7 for the main-sequence 
B2.5 star, y Pegasi. From Aller’s tables an average value of unity is found for xy 4190/x for 
those optical depths in which the He 1 4026 line is formed. Employing this value in equa- 
tion (1) and evaluating the latter by means of Chandrasekhar’s'* tables, we obtain 
Ty 4:00(9)/Ty 4100(0) as a function of 6. This gives a darkening coefficient u = 0.35, if a 
linear law of darkening, 


(8) = (0) [1 —u+u cos 6], (2) 
is assumed. 


1. van Dien, “Axial Rotation of the Brighter Pleiades,’ J.R.A.S. Canada, 42, 249, 1948. 
" Struve, “The Spectrographic Problem of U Cephei,”’ Ap. J., 99, 222, 1944. 
2 Ap. J. 109, 244, 1949, 13 Ap. J., 105, 461, 1947. 
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The continuous absorption in the O stars is almost entirely due to electron scattering. 

Chandrasekhar" has obtained the law of darkening for a star in which electron scattering 

is the sole cause of the continuous opacity; a darkening coefficient of u = 0.66 results for 
all wave lengths. 
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Fic. 1a.—The He 1 4026 line contour observed in « Herculis (0 km/sec) and rotational contours de- 


rived from it for five values of the equatorial rotational velocity, under the assumption of a spherical, 
undarkened star. Ordinate is the percentage of absorption. 


Fic. 1b.—The He 1 4026 line contour observed in ¢ Cassiopeiae (0 km/sec) and rotational contours 


derived from it for five values of the equatorial rotational velocity, under the assumption of a spherical, 
undarkened star. Ordinate same as in Fig. 1a. 


Figure 2 illustrates the differences in the computed rotational line profiles of « Herculis 


for a darkened and an undarkened spherical star rotating with an equatorial velocity of 
560 km/sec. 


V. THE EFFECTS OF GRAVITY DARKENING 


It has been shown by von Zeipel"® that the surface brightness at any point of a star 


rotating as a rigid body is proportional to the effective gravity at that point; accordingly, 


M Ap. J., 103, 351, 1946. 


© M.N., 84, 665, 1924. 
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the temperature at the poles is greater than at the equator. Recent work by Morgan and 
associates'® would seem to confirm the effect of increased polar gravity in rotating stars 
observationally; an examination of low-dispersion spectra of the Be stars indicates that 
the majority of stars with sharp helium lines show hydrogen lines which are very broad 
(see Fig. 3). Since the Be stars as a class will be shown to have very large rotational 
velocities, it is reasonable to suppose that those few with sharp helium lines are also ro- 
tating rapidly but are viewed along the axis of rotation; the abnormally broad hydrogen 
lines are then explained as due to the increased gravity at the poles. Struve‘ has suggest- 
ed that the range of excitation observed in Maia may similarly be explained by the grav- 
ity effect. Observational confirmation for those Be stars in which the equatorial regions 
are observed (i.e., the Be “shell’’ stars) is much more difficult to obtain, owing to the tre- 
mendous rotational broadening of all lines. Thus it will be seen that the conditions of 
temperature and surface gravity in the equatorial regions of these stars are such that the 
K line of Ca m1 might be expected. The rotational velocities in these regions are so great, 
however, that the resultant line profile would be all but unmeasurable. 


ARNE SLETTEBAK 
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560 KM / SEC 


~>> SPHERICAL UNDARKENED STAR 
SPHERICAL LIMB DARKENED STAR, u*0.35 
“\\> SPHERICAL LIMB DARKENED STAR, u+ 0.66 
“ ROTATIONALLY DISTORTED, GRAVITY DARKENED STAR 


30 


Fic. 2.—The effects of darkening on the He 1 4026 line contours computed from the observed con- 
tour in « Herculis for an equatorial velocity of 560 km/sec. Ordinate is the percentage of absorption. 


FF Rotating stars have been considered according to three models: (1) spherical stars, un- 
darkened; (2) spherical stars, limb darkened; and (3) rotationally distorted stars, built 
on the Roche model, with the surface brightness given by von Zeipel’s theorem, but with- 
out limb darkening. 

For each of these models, profiles of He 1 4026 were derived for five values of the equa- 
torial velocity specified below. It is obvious that comparison with observed profiles will 
yield values of v sin 7, where v is the equatorial velocity and i the angle between the axis 
of rotation and the line of sight, for models 1 and 2. This simple relation will not hold for 
model 3, since, for different values of the inclination i, different parts of the stellar sur- 
face will contribute to the observed profile. In view of von Zeipel’s theorem, these areas 
will appear with different surface brightness and temperature and consequently different 
intensity of He 1 4026. Rotational profiles of He 1 4026 for model 3 have to be computed 
with an assumed value of the inclination. Only the case where the axis of rotation is per- 
pendicular to the line of sight has been considered in the following computations, in 
which case sini = 1, and the equatorial rotational velocity is obtained directly. In prac- 
tice, information about sin 7 in single stars is available for only two groups of Be stars: 
the ‘‘pole-on” stars, which have already been mentioned, and the “shell” stars. The spec- 
tra of the latter are characterized by the simultaneous presence of extremely broad ab- 
sorption lines of He 1, indicating very rapid axial rotation, and deep, narrow absorption 
lines of hydrogen and occasionally of other atoms. Struve‘ attributes the sharp lines to a 
tenuous shell of material surrounding the rotating star and generally confined to its 


16 Unpublished. 
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j equatorial plane. The shell is responsible for the observed emission in the Be stars for 
all values of the inclination but will produce its characteristic sharp absorption lines only 
when the observer is in the equatorial plane, that is, when sint = 1. Thus the computed 

gravity-darkened line contours may be applied directly to the observed line contours of 
the Be shell-type stars, to obtain the equatorial rotational velocities for these stars. 
The computations were carried out under the following assumptions: 
1. The star may be represented by a Roche model, in which the total mass is concen- 
trated at a point at the center of the star. Chandrasekhar" has shown that the shape of a 
rotating star computed on the simple Roche model will not differ appreciably from that 
computed for stars which are polytropes of index m = 3.5 or 4, as seems to be the case for 
ordinary stars.!§ This result is a consequence of the fact that some 90 per cent of the mass 
+a is located within less than half the radius from the center, in which region the equipo- 
tential surfaces are nearly spheres; hence the attraction on an exterior point is very near- 
ly the same as that valid for the Roche model. 
2. The volume (or, equivalently, the mean density, since there is no change in mass) 
and the luminosity of the star remain constant for all values of the rotational! velocity. 
"| Actually, a more direct assumption would be that the mean effective gravity and the 

J 4 mean icmperature do not change in the sequence of rotational velocities considered. The 
observational selection has been by specirum, and the standard nonrotating stars were 

chosen to be of the same spectral type as the stars under investigation; therefore, the as- 

; sumption that the spectrum, and hence the mean effective gravity and mean tem- 

-— perature, remain constant with respect to rotation is implicit in the problem. It will be i 

shown, however, that the assumption of constant volume and luminosity is very nearly 

equivalent and has the advantage of simplifying the calculations considerably. 

Jeans'® has discussed the stability of Roche’s model with respect to rapid axial rota- 
tion. The potential of a single mass rotating freely in space is | 


where M is the mass of the body, w is the angular velocity, r is the distance of a point 

(x, y, z) from the mass center, and s is directed along the axis of rotation. As w increases, 

the model will depart more and more from sphericity, bulging out in the equatorial re- : 

gions until a point is reached when, at the equator, the centrifugal force is just equal to ; 

the gravitational force, 

wR _GM 4) 

0= Rr | 

where Rp is the radius of the cross-section in the equatorial plane and w, is the critical 

angular velocity. At this stage the surface of the rotating configuration is given by 
1,1 1 


If p denotes the mean density of all the matter inside this critical equipotential, the re- 
lation 
2 
_ = 0.36075 ) 


p 

may be shown to hold. The critical case is of particular interest, since it appears likely 

! that the Be stars have evolved in the manner just described, leaving rings of material in 
17 M.N., 93, 539, 1933. 

18M. Schwarzschild, Ap. J., 104, 203, 1946; M. Harrison, Ap. J., 108, 310, 1948. 

19 Astronomy and Cosmogony (Cambridge: At the University Press, 1928), p. 243. 
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the equatorial plane.‘ Employing Kuiper’s temperature scale and bolometric correc- 
tions,”° and his empirical mass-luminosity and mass-radius diagrams,”! we find a mass 
of 8.0 © and a radius of 4.0 Ro for the B3 standard nonrotating stars; this results in a 
mean density of 0.18 gm/cm*. Under the assumption of constant mean density, this value 
is inserted into equation (6), giving w. = 1.65 X 10~‘sec™!; and, from equation (4), Ro = 
4.88 Ro; the resultant equatorial rotational velocity is 560 km/sec. The effective gravity 
at a point on the critical equipotential surface is given by the derivative of the potential 
with respect to the normal to the surface at that point and may be obtained as a function 
of z from equations (3) and (5). 


Fic. 4.—Meridional cross-sections of Roche models rotating with various values of the angular 
velocity w, under the assumption of constant volume for all angular velocities. 


The cases w < w, are also of interest; they give an indication of the magnitude of the 
gravity darkening and the resultant effect on the line profile as a function of the axial ro- 
tation. We have considered four values, w = 7/8w,, 3/4w., 1/2w-, and 1/4w,, employing 
the following procedure: The appropriate angular velocity for a particular model is sub- 
stituted in equation (3), and an arbitrary value of © is specified. This defines an equipo- 
tential surface, the volume of which can be determined and compared with the volume 
of the standard nonrotating star. By trial and error, that value of Q is obtained which 
makes the two volumes equal, and the surface of the rotating configuration is thereby de- 
termined. To facilitate the computations, the assumption is made that these surfaces are 
ellipsoids—an assumption which is not far from the truth for values of w even as large 
as 7/8w,. The effective gravity is now computed across the stellar surface in the same 
manner as was done for the model w = w,. Meridional cross-sections of the five models 
considered are illustrated in Figure 4. 
Now, according to von Zeipel, 
H~g, (7) 


20 Ap. J., 88, 440, 1938. 21 [bid., p. 472. 
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where g is the local effective gravity and H the bolometric surface brightness; the latter 
is related to the effective temperature, 7., by the Stefan-Boltzmann law, 


H=oT!. (8) 


It follows that 

(9) 
knowing the effective gravity as a function of z on the surface of the star, we can deter- 
mine the run of 7, from equator to pole for any model. The proportionality constant in- 
herent in relation (9) follows from the assumption that the luminosity of a rotating con- 
figuration is constant for all values of w and equal to the luminosity of the standard non- 
rotating star. The given model is divided into sections by planes parallel to the equator 
and separated by a distance equal to one-twentieth of the equatorial radius; and the sur- 
face areas of the sections thus defined are obtained. If the surface area of the 7th section 


TABLE 1 
THE VARIATION OF EFFECTIVE GRAVITY AND EFFECTIVE 


W=We w = w= @ = hw, w= 
(560 Km/Sec) (362 Km/Sec) (234 Km/Sec) (115 Km/Sec) 
| log Te 
8,190°| 3.76 | 16,390°| 3.90 | 17,320°| 4.06 | 18,370°| 4.12 | 18 670° 
ee ice pele ated 2.95 | 10,850 | 3.77 | 16,510 | 3.90 | 17,320 | 4.06 | 18,370 | 4.12 | 18,670 
Oe re eure eek 3.23 | 12,750 | 3.78 | 16,580 | 3.91 | 17,440 | 4.06 | 18,370 | 4.12 | 18,670 
10 3.45 | 14,470 | 3.80 | 16,770 | 3.92 | 17,520 | 4.06 | 18,370 | 4.13 | 18,800 
20 3.76 | 17,280 | 3.88 | 17,560 | 3.96 | 17,930 | 4.07 | 18,500 | 4.13 | 18,800 
Sere oh. Tey Ae 3.93 | 19,080 | 3.98 | 18,605 | 4.02 | 18,570 | 4.08 | 18,580 | 4.13 | 18,800 
Ms Fish iy Sek 4.07 | 20,670 | 4.07 | 19,610 | 4.08 | 19,210 | 4.10 | 18,800 | 4.14 | 18,880 
50 4.17 | 21,900 | 4.15 | 20,530 | 4.14 | 19,890 | 4.12 | 19,030 | 4.14 | 18,880 
60 4.23 | 22,680 | 4.20 | 21,120 | 4.18 | 20,350 | 4.14 | 19,240 | 4.15 | 19,010 
70 4.28 | 23,310 | 4.25 | 21,760 | 4.21 | 20,740 | 4.16 | 19,450 | 4.15 | 19,010 
| ee: 4.31 | 23,750 | 4.27 | 22,020 | 4.23 | 29,970 | 4.17 | 19,600 | 4.15 | 19,010 
Ce ae, BiG 4.32 | 23,850 | 4.28 | 22,110 | 4.24 | 21,070 | 4.18 | 19,690 | 4.15 | 19,010 


is designated by A, and the effective temperature of this section is 7;, then the luminos- 
ity of the model rotating with angular velocity w is given by 


AT. (10) 
Now, according to relation (9), 
Ti= cgi, 


where g; is the effective surface gravity at the midpoint of the ith section and c is a con- 
stant. From equations (10) and (11) and the constant-luminosity assumption, 


L, = A =Lu-0, (12) 
and therefore, L 
Assi. (13) 


The run of effective gravity and effective temperature on the stellar surface is given in 
Table 1 for the five models under consideration. 
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A mean effective gravity and effective temperature can be found for each model and 
can be compared with the gravity and effective temperature assumed for the standard 
nonrotating star; the model w = w, shows the greatest differences: 6 per cent in the mean 
effective gravity and 1.5 per cent in the weighted mean effective temperature, VTi, 
The assumptions of constant volume and luminosity are therefore nearly equivalent to 
the assumptions of constant gravity and temperature. 

The effect of the variation of the effective gravity and effective temperature, for any 
particular model, on the rotational line profile of He 1 4026 can now be determined. To do 
this, it is convenient to divide the star, as seen from a point in the plane of its equator, 
into squares, the sides of which are one-t wentieth the length of the equatorial radius. The 
intensity of the He 1 4026 line produced by any one such square is obtained and multi- 
plied by the intensity of the neighboring continuous spectrum. The contributions from 
the squares making up one strip parallel to the axis of rotation are then summed to give 
the weight factor for that strip, and the graphical method already discussed is employed 
to obtain the rotational contour. 

The intensity of the continuous spectrum near A 4026 is considered first. The Planck 
intensity at this wave length, and within the range of temperatures centered around 
18,880° considered, can be represented by 


Th = (14) 


The exponent P is then obtained by taking the derivative of the log of the Planck func- 
tion with respect to the log of the temperature and substituting the appropriate values; 
it is found to have a value very close to 2. Using relations (7) and (8), it follows that 


Th , (15) 


which permits the computation of J) 402. across the stellar surface. 

To obtain approximate values of the variation of the intensity of He 1 4026 with grav- 
ity and temperature, we have employed the computations of Pannekoek” for He 1 4471. 
Since the two lines result from successive transitions in the 23P—n'D series of He 1, their 
dependence on g and T must be quite similar. Variations in the shape of the line contour 
due to Stark effect have not been taken into account. 

With the weights for the various strips known, the rotational profiles were computed 
as described, one set being derived from the He 1 4026 profile of each of the two standard 
nonrotating stars. Within each set the line contours were again normalized to the same 
equivalent width. The gravity-darkened line contour corresponding to the critical angu- 
lar velocity w, and obtained from the « Herculis standard contour is illustrated in Figure 
2. The difference between the gravity-darkened and the limb-darkened contours for this 
case is seen to be quite large. However, the importance of the gravity effect falls off very 
rapidly with decreasing axial rotation: at 7/8w,, the gravity-darkened contour is almost 
identical with the limb-darkened contour for « = 0.35, and at 3/4w, it is already indis- 
tinguishable from the undarkened contour. 


VI. THE EFFECTS OF DIFFERENTIAL ROTATION 


Differential rotation, like the other effects discussed, will tend to make the computed 
rotational line contours deeper and narrower and therefore will increase the rotational 
velocities derived. Since no observational data are available on differential rotation in 
stars other than the sun, we have estimated the order of magnitude of the effect on rota- 
tional line profiles by assuming the law of differential rotation operating in the sun and 
scaling it up to the rotational velocities found in the early-type stars. The extrapolation 
is a large one and would probably lead to great shearing forces in a star rotating with an 


2 “The Theoretical Intensities of Stellar Absorption Lines,’’ Amsterdam Pub., No. 4, 1935. 
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equatorial velocity of several hundred km/sec. The law of differential rotation was ob- 
tained from Adams”* spectroscopic measurements of the solar rotation, based on the 
Ca 1 4227 line and the reversing layer. Again the rotational profile was determined nu- 
merically with the aid of the graphical method previously described. The computation 
was carried out for a spherical, undarkened star only, rotating with an equatorial veloc- 
ity of 560 km/sec. Figure 5 shows the rotational profile thus obtained and compares it 
with the profile derived from a spherical, undarkened star rotating as a rigid body with 
the same equatorial velocity. It appears that the effect on the profile is small, and, be- 
cause of the many uncertainties involved, no use has been made of differential rotation 
profiles in obtaining rotational velocities. 


VII. RESULTS AND DISCUSSION 


1. Tables 2, 3, and 4 list the values of v sin i derived for the three groups of stars in- 
vestigated. The writer has determined the spectral types on the MKK system for the 
B and Be stars, while the spectral types for the O stars used are due to Plaskett and 


560 KM / SEC 


<> SPHERICAL UNOARKENED STAR - RIGID BODY ROTATION 7 
~ SPHERICAL UNDARKENED STAR - DIFFERENTIAL ROTATION 


30 


Fic. 5.—The effect of differential rotation on the He 1 4026 line contours computed from the observed 
contour in « Herculis for an equatoriai rotational velocity of 560 km/sec. Ordinate is the percentage of 
absorption. 


Pearce.” The observed contours of all the B and Be stars, with the exception of the shell 
star, @ Persei, were fitted to contours computed for a spherical] star with limb darkening, 
u = 0.35. The rotational velocity for ¢ Persei was obtained by comparison with the 
gravity-darkened contour corresponding to the critical angular velocity. For the O stars, 
contours were employed under the assumption of a spherical star with limb darkening, 
u = 0.66. The equivalent width of He 1 4026 in a number of stars fell about halfway be- 
tween the values measured in ¢ Cassiopeiae and « Herculis; for these cases rotational 
velocities were obtained from both sets of computed contours, and the agreement was 
found to be good. The values of v sin i are given in the tables to the nearest 10 km/sec; 
this is not intended to indicate the accuracy of an average determination. Given a sym- 
metrical observed line contour, it is possible to distinguish steps of 10 km/sec in 9 sin i 
by the graphical method. However, asymmetrical line contours, with a resulting de- 
crease in accuracy, were obtained for approximately one-third of the stars investigated. 
In the tables a colon following a rotational velocity indicates a serious asymmetry, caus- 
ing an estimated uncertainty of 40-70 km/sec in v sin 7. All rotational velocities below 
about 120 km/sec are also uncertain, since, as Figure 1 indicates, the difference between 
the zero and 115 km/sec rotational contours is quite small. Finally, the results obtained 
for the O stars give only orders of magnitude; there is no reason to believe that the \ 4026 
contour in the O stars, which will, in general, be due to both He 1 and He 11, should be 
similar to the He 1 4026 contour observed in B3 stars. This line is also quite weak in some 


23 Ap. J., 29, 136, 1909. 24 Pub. Dom. Ap. Obs. Victoria, 5, 99, 1931. 
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TABLE 2 
B2e—B5e STARS 


a 
(1900) (1900) | 


vsini | 
(Km/Sec), 


Remarks 


HD 54309... 
97 


wCMa.. 


HD 58343............| 
HD 60855........... 


HD 


HD 174237 


Oh 39"2 +47°44’ | 4.70 
1 | 
3 


Cwon 
wue 


yn 


~ 


| 


| 
| 


| 
| 


| Shell star 


Pole-on star* 


Pole-on star 
Pole-on star 
Pole-on star 


Shell star 


Shell star 


Pole-on star 
Pole-on star 
Shell star 


Pole-on star 


Pole-on star 


Shell star 
Shell star 


| Pole-on star 


* For meaning of term “‘pole-on star’’ see text above. 


8 | | B3 | 270 | 
HD 20836............) 65 | | B3 | 340 : 
| +47 52 | 4.26 Bo | 
HD 22780............| 463 | B5-8 300 
Gale B5-8 270: 
B5-8 | 300 | 
HD 28497............| 86 | | B2 | 340 | 
| B3 120 
105 Tau..............) 98 | | B2 | 220 | 
B2 | 320 | 
B2 | 280 
| B2 | (190 
> HD 41335............| 133 | | B2 380 
136 | | BS 290 | 
HD 44458............| 138 | | B2 | 270 | 
| BS-8 | 220 | 
167 2 | 290 | - 
170 | B2 | 200 | 
B3 90: | 
177 | B3 | (30: | 
505 | B3 | 240 
a 197 | B5 330 | Le 
| BS 400 I; 
| 604 | BS | 310 
B3 170 | 
HD 178175...........| 311 B2 | 220 | 
BS 300 
25 Cyg...............] 624 B3 | 230 
| B3 280 
| | BS 150 
ac HD 208682...........| 381 | | B2 350: 
HD 209522..........., 650 | BS 300 
D 217050............ 304 | | B 380: 
‘4 
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TABLE 3 


B2-B5 STARS 


a 
(1900) 


HD 142184 


HD 176162 


BEE 


SSE! 
WE ROMS 


0; 
3 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
5 
5 
5 
6 
6 
6 
6 
6 
8 
9 
3 
5 
5 
5 


1 
1 
1 
1 


an 
Noe 


wm 


+51° 28’ 


(Km /Sec) 


w 
a 


Star | (1900) m | Sp. — 
Sp 0 +33 10 4] B3 250 
+49 58 4) B3 230 
BD +48 51 5. BS 250 
4 +49 10 4. B3 190 
+47 35 5. BS 300 
+34 47 5. B2 130 
| +83 34 5. B3 320: ip 
+22 46 5. B5-8 230 
+ 048 5. B5-8 140 
— 853 4, B2 350 
q +17 53 j B3 160 
+14 14 B3 230 
— 109 BS 310 
—15 02 BS 160 
+49 49 B3 230 
—19 52 B3 220 
—24 14 B5-8 290 oo. 
—23 13 B2 310: 
— —26 25 B3 230 
+26 09 BS 300 
— 8 06 BS 170 
19 +57 16 BS 150 
19 +38 13 BS 120 
+23 46 B5 330 Shey 
— 9 44 BS 350 
509 
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O stars and consequently difficult to measure accurately. Further, the absorption-line 
contours of some of the O stars suggest that turbulence must also play a role in the line 
broadening. There can be no question about the rotational nature of the absorption lines 
in such stars as ¢ Ophiuchi, \ Cephei, and HD 206267, however; and, for stars with such 
rapid axial rotation, the form of the standard zero-velocity contour employed in the 
graphical method becomes of secondary importance. 

2. Despite the relatively small number of stars which have been investigated, it was 
thought worth while to plot frequency diagrams for the B and Be stars and see what in- 
formation could be derived from them; these are reproduced in Figure 6. The frequency 


TABLE 4 
O-TYPE STARS 
Star m Sp. Notes 
(1900) (1900) (Km /Sec) 
Per... 3h52™5 +35° 30’ 4.05 O7n 240 
a Cam. 4 44.1 +66 10 4.38 O9se 0 
HD 34078... .... 5 09.7 +34 12 5.8 O9ss 0 
xGnr.......- 5 29.6 + 9 52 3.66 O8s 0 
6 Ori C 5 30.4 — 5 27 5.36 O7 150 
6? Ori br 5 30.5 — 5 29 S.Af 09 220 
« Ori br 5 30.5 — 5 59 2.87 O8s 140 
15 Mon 6 35.5 + 9 59 4.68 O7s 180 
HD 55879....... 7 09.7 —10 08 5.99 O9s 0 
7 14.6 —24 46 4.40 180 
1631.7 —10 22 2.70 09.5 450 1 
Pier... 17 57.8 —24 22 5.86 O5 210 
HD 188209..... 19 49.0 +46 46 §.54 O8s 120 
HD 193322....... 20 14.6 +40 25 5.82 O08 200 
HD 199579...... 20 53.1 +44 33 6.01 06 170 
21 14.7 +43 31 5.06 O8nn 390 
HD 206267...... 21 35.9 +57 02 5.64 O6n 490 2 
HD 207198. .... +62 00 5.97 O9s 80 
oe 22 02.1 +61 48 5.47 09 0 
ae ee 22 08.1 +58 55 5.19 O6f 390 3 
Lp | 22 34.8 | +38 32 4.91 O9s 0 


NOTES TO TABLE 4 


1. Spectral type due to Morgan. 
2. The very large rotational velocity obtained for this star may be due to the presence of two spectra. 


3. Of star. 


diagram for the Be stars is complete; that for the B stars lacks 63 stars which were judged 
to have small rotational velocities from an inspection of low-dispersion plates. 
A plot of v sin 7 versus galactic latitude for the Be stars shows no particular correla- 


‘tion; it therefore appears safe to assume that the axes of rotation are distributed at ran- 


dom. The question then arises as to whether the same true rotation can be assumed for all 
the Be stars and the observed frequency curve explained by the random distribution of 
the axes. The expected frequency distribution” under this assumption is given by 


W (0) =< (16) 


Vo (v2 v2) 


where 
v= sini, 


* For derivation see Struve’s paper, Pop. Astr., 53, 214, 1945, 
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and vp is the constant rotational velocity. This distribution has a pronounced maximum 
at vo, however, and therefore will not represent the observed distribution. Another pos- 
sible assumption is that all rotational velocities are equally probable. This assumption 
plus the assumption of random distribution of the axes of rotation can be shown to give 
rise to a distribution function” in »v sin i of the type 
v sin i 

k 


where & is the largest value of v sin i observed. This frequency-curve is maximum at zero 
v sin ¢ and decreases monotonically to zero at k; it will also not represent the observed 
curve. It is possible to obtain a rough idea of the true rotational-velocity distribution, 
which must lie somewhere between the above extremes, by analyzing the observed dis- 


(17) 


¥ sini) = ¢ arccos 


82 
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B2e-B5e STARS B2-B85 STARS 


sin i ° 
00 200 300 400 500 600 ixyysec) 
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Fic. 6.—The frequencies of observed rotational velocities for the B2e-B5e and B2-B5 stars. Blocks 
of 50 km/sec are employed in diagram A, while diagram B illustrates 100 km/sec blocks because of the 
incompleteness of the data for the B2-B5 stars. 


tribution in terms of functions of the type (16). That is, the rotational velocities are as- 
sumed to be “quantized” in 50 km/sec steps and the approximate percentage of Be stars 
in each group found. Omitting ¢ Persei from the observed distribution-curve, we obtain 
the best fit for the distribution of rotational velocities given in Table 5. 

The lack of rotational velocities smaller than about 200 or 250 km/sec among the Be 
stars seems to be real; if even a small percentage of stars is assigned to the lower rotational 
velocities, it is impossible to obtain a fit at the high-velocity end of the distribution. 

The B stars present quite a different picture. The distribution illustrated in Figure 
6B, is incomplete, as has been mentioned; 63 stars with relatively narrow absorption 
lines and in the same spectral interval have not been measured and also belong in the 
diagram. Of these, the majority would probably fall in the 0-100 km/sec block, and most 
of the others in the 100-200 km/sec block; very few should have values of » sin i greater 
than 200 km/sec. The complete frequency distribution would then have a maximum in 
the 0-100 km/sec or in the 100-200 km/sec range; in either case the mean rotational 
velocity for the B2-B5 stars must be at least 150 km/sec less than the mean rotational 
velocity for the B2e-BSe stars. 


26 This distribution function is due to Kuiper, who developed it in investigating a similar problem 
(see Pub. A.S.P., 47, 15, 1935). 
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Table 4 indicates that large rotational velocities are found in individual O stars from 
spectral types O5-O9.5. A comparision of the group as a whole with the B or Be stars is 
difficult, owing to the small sample considered; but it can be stated with some certainty 
that, on the average, the O stars are rotating appreciably less rapidly than the Be stars. 

3. Table 2‘lists six shell-type stars. One of these, o Andromedae, has not been previ- 
ously announced as either a shell star or of type Be. Both characteristics were discovered 
by Morgan (1946) from an inspection of Yerkes and McDonald spectrograms. The spec- 
trum shows bright Ha and the sharp hydrogen cores characteristic of shell stars. Two 
other “part-time”’ shell stars are included in the table but are not designated as “‘shells’’: 
¢ Capricorni, which lost its shell spectrum in 1944,?7 and 27 Canis Majoris, which occa- 
sionally shows a shell spectrum.”* The mean observed rotational velocity for the six shell 
stars listed is 405 km/sec, indicating that, as a class, the shell stars are the most rapidly 
rotating stars observed. The star ¢ Persei is of particular interest; the absorption lines 
are tremendously broadened (see Fig. 3), resulting in a rotational velocity greater than 
that obtained for any other star. The observed contour of He 1 4026 in this star was the 
only contour measured in any star which was broad and shallow enough to be compared 
directly with the gravity-darkened contour computed for the critical case, w = w,, and 
the rotational velocity obtained, 560 km/sec, rests on this comparison. Even if the com- 
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TABLE 5 


v (km/sec)... .. | 0 50 100 150 200 250 300 350 400 450 
| Per cent Be.... | 0 0 0 0 0 4 13 36 29 18 


parison is made with the limb-darkened contours, however, the rotational velocity of 
@ Persei would still be about 500 km/sec. Axial rotation with this velocity is unusual, 
even among the Be stars, and for this reason ¢ Persei was not included in the above sta- 
tistical discussion. 

It is notable that a direct comparison of the observed line contour with the contour 
computed for the gravity-darkened critical w, is possible for only one of the six shell 
stars. If the rotational-instability hypothesis is true for the Be stars, the observed con- 
tours for all the shell stars considered would be expected to resemble the computed con- 
tour for the critical case, assuming that they are located at approximately the same place 
in the Hertzsprung-Russell diagram. However, spectroscopic absolute magnitudes are 
extremely difficult to obtain for the shell stars because of the tremendous broadening of 
the lines, and it is possible that a considerable dispersion in absolute magnitude exists 
(¢ Tauri, in fact, may be of intermediate luminosity). The broadening of the computed 
line contour is largely determined by the assumed equatorial rotational velocity, which, 
by an application of Kepler’s third law, is proportional to ~/ M/R for the critical case at 
which instability sets in. If the shell stars which do not fit the computed line contour have 
a different value of \/M/R than that assumed for « Herculis, the poor fit may be ex- 
plained. However, differences in luminosity are not sufficient: to obtain a breakup veloc- 
ity of approximately 400 km/sec requires that R ~ M, which is not quite realized for the 
main sequence (for which R ~ M*/*)?° and less so for giants. It has been shown that limb 
darkening and differential rotation will tend to make the computed contours narrower 
and deeper; the question arises as to whether the superposition of these effects on the 
gravity darkening for the critical case will result in a better fit with the obesrved con- 
tours from the shell stars. The effects are small, and it seems unlikely that their inclusion 


27 Struve and Deutsch, Ap. J., 100, 390, 1944. 


28 Struve, Ap. J., 96, 311, 1942, 2° Kuiper, Ap. J., 88, 491, 1938. 
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will improve the fit. Another possibility is that radiation pressure and turbulence, which 
have not been taken into account, may reduce the stability of the Be stars and thus lower 
the critical equatorial rotational velocity. These effects are probably quite important. 

The width of the broad hydrogen wings which characterize the nine “pole-on” stars 
listed in Table 2 varies from star to star. It is largest in 11 Camelopardalis, 105 Tauri, 
and 56 Eridani and decreases until it is just barely noticeable in w Canis Majoris and 
HD 58343. The rotational velocities derived for these stars do not uniformly increase 
with decreasing hydrogen width, however, as would be expected from the interpretation 
of the “‘pole-on” stars given above. The reason may be that the helium contours are also 
affected by the increased gravity in the polar regions and therefore yield spurio - rota- 
tional velocities. 

One of the O-type stars investigated, \ Cephei, is an Of star. This class of O stars was 
defined by Plaskett and Pearce* as characterized by the presence of emission N m1 4634, 
4640, and He 11 4686. Since  Cephei is rotating quite rapidly, the possibility arises that 
all the Of stars may similarly be rapidly rotating and the emission explained as being 
due to a shell thrown off through rotational instability. Visual estimates of line widths 
for six other Of stars, from low-dispersion plates obtained by Morgan and his associates, 
indicate that these stars, as a group, have somewhat broader lines than the average ab- 
sorption O star. Factors other than rotation may play a part in the line broadening, how- 
ever, so that no definite conclusions can be drawn. 

4. As has already been mentioned, it is quite difficult to obtain spectroscopic absolute 
magnitudes for the rapidly rotating stars because of the great broadening of their spec- 
tral lines; for this reason, no attempt has been made to segregate the stars in Tables 2 
and 3 into luminosity classes. It is significant, however, that all the stars listed are either 
main sequence or slightly above the main sequence, with the exception of three: 6 Persei, 
19 Monocerotis, and the shell star, ¢ Tauri, which may be intermediate in luminosity. 
There is no observable axial rotation in the supergiants. The conclusion is that large ro- 
tational velocities are restricted primarily to main-sequence stars and stars slightly 
above the main sequence, of the types investigated, though fairly rapid rotation is oc- 
casionally found in intermediate stars. 

5. Plots of v sin i versus galactic latitude and galactic longitude for the Be and B stars 
show no correlation, thus confirming similar results obtained by Struve and by Miss 
Westgate. 

6. Since the range of the rotational velocities in the Be stars is essentially a result of 
the inclination of the axis of rotation and since, as has been shown, an appreciable range 
in temperature exists from equator to pole on the surface of a rapidly rotating star, its 
spectral type and color should vary with inclination. Both of these quantities will vary 
together, however, so that a plot of color excess versus v sin i for a particular spectral 
class would not be expected to yield any information. This was found to be actually the 


case. 
VII. CONCLUSIONS 


An attempt has been made to obtain rotational velocities for the rapidly rotating 
early-type stars, taking into account, in an approximate way, the effects of limb darken- 
ing, gravity darkening, and differential rotation. It has been shown that: 

1. Equatorial rotational velocities in excess of 400 km/sec are to be found among the 
O, B, and Be stars. 

2. The most rapid axial rotation observed for any class of stars is that of the Be stars. 
The mean equatorial velocity found for a sample of Be stars is at least 150 km/sec larger 
than the mean equatorial velocity for a corresponding sample of B stars. Statistics for the 
O stars are incomplete but would seem to indicate that their mean axial rotation is also 
decidedly less than that obtained for the Be stars. Further, visual inspection of low-dis- 
persion spectrograms of late B, A, and early F stars shows that rotational line broadening 
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in these stars does not approach the rotational line broadening observed in the Be stars 
as a class. 

3. Among the Be stars, the shell stars have the largest rotational velocities and are, in 
fact, the most rapidly rotating stars known. As a group, the six investigated have an 
average observed rotational velocity of 405 km/sec; and one shell star, ¢ Persei, is prob- 
ably rotating with a velocity in excess of 500 km/sec. Shell stars are assumed to have a 
preferential inclination (sini = 1), so that for these stars equatorial rotational] velocities 
are measured directly. 

4. An observed rotational velocity corresponding to the computed rotational velocity 
(under the assumption that the Be stars are at the point of rotational instability) is ob- 
tained for only one of the six shell stars. It is suggested that radiation pressure and turbu- 
lent motions in the Be stars may be responsible for the discrepancy. 

5. The smallest values of v sin i obtained for the Be stars are those of the ‘“‘pole-on”’ 
stars. This is interpreted as an inclination effect and supports the hypothesis that the 
gravity effect is important for rapidly rotating stars. 

6. Axial rotation in the B and Be stars seems to be confined to stars on the main se- 
quence and slightly above it, although a few rapidly rotating stars of intermediate lumi- 


nosity were found. 


I wish to express my sincere thanks to Dr. W. W. Morgan for suggesting this problem 
and for his advice throughout the investigation. Grateful acknowledgment is also made 
to Dr. G. P. Kuiper for invaluable discussions of many of the points considered, and to 
Dr. O. Struve and Dr. S. Chandrasekhar for helpful advice. I am also indebted to Mr. 
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REVIEWS 


The Pulsation Theory of Variable Stars. By SvVEIN ROSSELAND. “International Series of Mono- 
graphs on Physics.’”’ Oxford: Clarendon Press, 1949. Pp. viii+152. $5.00. 


When this review appears, many already will have read the new book of S. Rosseland, and 
it is safe to assume that it will have aroused two main types of reactions. Those who are mostly 
interested in definite conclusions and an explanatory synthesis vigorously built up from a few 
particular hypotheses will be disappointed, but the fault is more with the subject than with the 
author. On the other hand, those who appreciate in a subject the variety of the points of view 
= rig and the number and refinements of the theoretical methods required will be fully 
satisfied. 

There is a marked difference from the previous books of Rosseland. The same concise and 
powerful way of using the mathematical tools to their best advantage is present; but, on the 
physical side, we miss somewhat the background of atomic theory which conferred such a dis- 
tinctive charm to his previous writings. Of course, some of the greatest difficulties of the theory 
of pulsating stars are of a formal nature, and that is probably the reason why the author decided 
to concentrate on that aspect. However, as emphasized at many places in the book, the ratio of 
specific heats, y, for instance, is certainly one of the determining factors of the theory, and a de- 
tailed review of the question from the point of view of atomic physics and the abundances of the 
elements by a man of Rosseland’s insight would have been very useful. 

A complete theory of pulsating stars should account for the characteristics of the cepheids 
and explain the transition from hydrostatic equilibrium to finite stationary pulsations. Rosse- 
land very rightly stresses the significance of the second problem for the physical and chemical 
constitution of the cepheids and its importance for the interpretation of the period-luminosity 
relation. But here, again, while it is shown that the coefficient of opacity and the rate of genera- 
tion of energy play a decisive role in that respect, one can but regret the lack of a comprehensive 
physical discussion of these para:.eters in giants. . 

Chapter i recalls in their historical order the principal obser: ational discoveries relating to the 
cepheids as well as the main steps in the development of their theory. Although very short, this 
chapter contains a great deal of well-arranged information. A few words on the recent work of 
Stebbins and his collaborators on monochromatic light-curves and their progressive lag of phase 
might have been added as these observations will no doubt prove interesting from a theoretical 
point of view. 

In chapter’ii Rosseland derives the general equation for purely radial pulsations in a form 
(eq. [2.18]) more complete than the one usually given and likely to be useful in some more general 
investigations. After a few interesting and physically simple examples, he summarizes in chapter 
iii the application of this equation limited to the first-order terms to the adiabatic pulsations of 
different models emphasizing the general validity of the proportionality between periods and the 
inverse square root of the mean density. While this relation is remarkably well verified by the 
cepheids, the quantitative agreement between theoretical and observational periods would re- 
quire quite a small value of y or the adoption of a model with a very low central condensation. 
Neither of these conditions can be brought easily into line with current ideas on the internal 
constitution of the stars. In particular, the recent attempts to explain the generation of energy in 
giants by increasing their central condensation make the situation rather worse as far as the 
theoretical periods of the cepheid are concerned. 

In chapter iv Rosseland summarizes the theory of perturbations as applied to the inhomoge- 
neous equation once the complete set of characteristic functions of the corresponding homoge- 
neous problem is known. Using the same fundamental set of solutions, he then proceeds to show 
in a very illuminating way how the general problem can be reduced to its canonical form, which 
appears quite suitable for the consideration of nonadiabatic and anharmonic pulsations. 

In the next chapter the coefficient of vibrational stability is discussed in a general way, and it 
is shown that, in most cases, it reduces to the expression originally derived by Rosseland from the 
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perturbation theory as presented in chapter iv. Its physical significance is well illustrated in 
terms of dissipation of energy and by applications to the standard model and the main-sequence 
stars. However, as the stabilizing terms reach their greatest values in the external part of the 
star, while instability arises mainly near the center, the importance for this problem of the varia- 
tion of the amplitude through the star, which is determined to a large extent by its central con- 
densation, might have been stressed a little more strongly. 

The question of phase delays in energy generation in pulsating stars and the possible influ- 
ence on their stability is an interesting and complex problem, and it is treated here very clearly; 
but its role should be negligible for most nuclear reactions likely to occur in stars and especially 
for the carbon cycle. 

A short discussion of the vibrational stability with respect to higher modes might have been 
added here as some observations suggest overtone pulsations (cf. chap. iii) and some theoretical 
considerations give a great importance to the possible interaction between the stability of differ- 
ent modes (cf. chap. vii, § 12). 

This chapter ends with an original treatment of the contractional problem on the basis of the 
general equation (2.18). The unification brought about in this way could perhaps be best illus- 
trated by noticing that the integral in the left-hand member of equation (5.82) reduces to the 
moment of inertia J if integrated by parts and that the differential equation for X obtained in 
this manner, if we neglect (L—JLo), gives back immediately the frequency (3.46) of adiabatic 
pulsations. 

On a straightforward linear theory the luminosity maximum of a cepheid should correspond 
to the minimum radius, but it is well known that, in fact, it occurs about a quarter of a period 
later. Chapter vi is devoted to a brief discussion of this important and puzzling problem and to 
a review of the two most promising attempts at a solution: one by Eddington, who thought that 
the hydrogen convection zone with its large specific heats plays a dominant role in this respect, 
and one by M. Schwarzschild, where progressive waves and, consequently, phase differences be- 
tween the different variables arise through the lack of a definite boundary to the star. 

Good and simple examples are given and many interesting suggestions made which no doubt 
will be valuable for future work on this question. 

In the following chapter Rosseland comes to the subject of anharmonic pulsations and recalls 
briefly the first attempt of Eddington to treat finite pulsations by means of Fourier series with 
coefficients depending on the space co-ordinate. He then describes in detail what seems to him a 
more promising method, namely, the application to this problem of the canonical equations es- 
tablished in chapter iv by means of series of the characteristic functions with variable time co- 
efficients. Much of this work is along the lines laid down by Rosseland himself in his Darwin lec- 
ture, and qualitatively at least it has led to an interpretation of the asymmetry of the light- 
curves of cepheids. 

Woltjer’s ideas on the possible interactions between different modes are discussed with great 
care and shown to be of great interest, especially in the case of the complex variability exhibited 
by the RR Lyrae and RV Tauri stars. Their importance for the problem of limiting the increase 
in amplitude of an unstable mode to a finite value is also emphasized. 

This chapter makes captivating reading, but some might feel that the physical side of the 
problem is somewhat neglected and that the possible connection between the asymmetry of the 
light-curve and the phase lag is perhaps too lightly disregarded. 

In chapter viii Rosseland considers irregular variables characterized by sudden outburst re- 
curring more or less regularly and draws the analogy between their variations and relaxation 
oscillations which he feels remain significant even for novae. In the latter case, especially, there 
must be a sudden release of instability preceding the outburst, and Rosseland seems to favor the 
central regions as the seat of this instability. As the whole star does not get disrupted, but in fact 
loses only a very small fraction of its mass, the amplitude of the wave generated by this central 
explosion must increase very rapidly toward the surface, giving rise there to a shock wave with 
material velocities reaching or exceeding hyperbolic values only in a small external region. 

Although this chapter is hardly more than a brief sketch, it is certainly very interesting and 
will help to clarify ideas which have been in the air for some time. 

The book ends with a short account of the semiempirical tests of the pulsation theory de- 
rived by Baade and Schwarzschild. 

Very few misprints were noticed, and the only one which it might be worth while mentioning, 
although it is easily recognized, is found in the last integral of equation (5.50) where v should be 
replaced by y. 
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The book constitutes an important addition to the literature of theoretical astrophysics on a 
difficult and growing subject, and it will certainly contribute considerably to the future progress 
in this field with the systematization and the numerous suggestions which it provides. 


LEpoux 
Institut Astrophysique 


Cointe-Sclessin, Belgium 


ERRATA 


Dr. C. M. Huffer has called my attention to the fact that in line 5 from the top of the main 
text of Ap. J., 110, 160, 1949, the secondary eclipse of VV Orionis should have been described 
as total if the primary eclipse is annular. Perhaps it would have been best to say that the pri- 
mary eclipse is annular or partial and that the secondary eclipse is total or partial. 


Otto STRUVE 


In Ap. J., 109, 383, 1949, in formulae (1) and (2), 
for 
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Phenomena, Atoms and Molecules 


: IRVING LANGMUIR 


HE PHILOSOPHICAL LIBRARY deems it a privilege to announce 
the publication of Dr. Langmuir’s work, Phenomena, Atoms and 
Molecules. The eminent scholar, winner of the Nobel Prize and one of the 

country’s pioneers in atomic research, has set down in this volume many 
of his thoughts, observations and conclusions, 

The first section of the book deals with such general problems as: Science, 
Common Sense and Decency; Science Legislation; W orld Control of Atomic 
Energy. 

The second part of the book deals with such technical, scientific prob- 
lems as: Surface Chemistry; Flames of Atomic Hydrogen; Forces Near the 
Surfaces of Molecules; The Evaporation of Atoms, lons end Electrons from 
Caesium Films on Tungsten; The Condensation and Evaporation of Gas 
Molecules; Metastable Atoms and Electrons Produced by Resonance Radia- 
tion in Neon; etc. . 

Among the many interesting, timely phases of Dr. Langmuir’s obser- 
vations are those concerning the present status and the possibilities of 
Soviet Russia’s scientific research. $10.00 


4 Scientific 
q As | See It Autobiography 
And Other Papers 
_ New Abridged Edition Mes 
Albert Einstein These last writings of one of the 


greatest physicists of our time, in- 
clude a fascinating story of his own 
personal and scientific develop- 
ment. Other subjects covered are: 


Contains some of the basic thoughts 

and concepts of the eminent phys- 
icist. Charraing, witty, shrewd ob- pry 
eaning imit of exact science; 
servations and intimate revelations and 
of a great heart and mind. $2.75 ences and the religions world; etc. 
$3.75 


PHILOSOPHICAL LIBRARY, Publishers 


15 East 40th Street, Dept. 269 New York 16, N.Y. 
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“POPULAR 
ASTRONOMY 


A magazine now in its 
fifty-seventh year, devoted 


POPULAR A ASTRONOMY | 


NORTHFIELD, ELD, MINNESOTA, U.S.A 
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| | CANTERN SLIDES; 
] the University of Chicago kaa been re- |] 
producing in lantern transparen- jj 
| of Astronomy and allied] ‘the dds 
2 | sets of slides for school and lectare pur- 
Yearly subscription rates: | the University of Chicago Press, 
Domestic $4.00; | m be furnished, | 
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